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ABSTRACT
This is the final report in an experimental and theoretical
program on the physics of heavy water moderated, slightly enriched
uranium lattices, conducted since 1959 under AEC contract at the
Massachusetts Institute of Technology. During the past year,
measurements were made on five lattices: three triangular spacings
for 0.431-inch-diameter, 1.1% enriched U0 2 fuel, one square array
of the same fuel, and one triangular spacing of 2.0% enriched UO 2fuel.
The report is in two sections: Part I summarizes work com-
pleted during the past year and not otherwise reported, and Part II
is a summary report covering the entire contract period.
vSUMMARY OF OBJECTIVES, METHODS, AND RESULTS
The objectives of the M.I.T. Lattice Project may be summarized
as follows:
(1) to provide a fundamental understanding of the reactor
physics of low-enrichment, uranium-fueled, uniform lattices
moderated by heavy water;
(2) to develop and improve experimental and theoretical
techniques for the investigation of these lattices;
(3) to measure and catalog a broad range of experimental
data for important reactor physics parameters in these lattices;
(4) to develop and test theoretical methods for independent
prediction of, correlation of, interpolation among and extrapolation
beyond the experimental results;
(5) to develop methods, such as single-rod and substituted or
miniature lattice techniques, which will permit the collection of data
on new lattices with minimum expenditure of resources.
In pursuit of the Project's objectives, a wide variety of
experimental methods have been applied. A partial list of the
more important includes:
(1) radial and axial foil activation traverses to determine the
material buckling;
(2) microscopic foil activation traverses within unit cells to
determine the thermal utilization and effective neutron temperature
and for comparison with theoretical results using computer codes
such as THERMObS;
(3) measurement of average reaction rates in the fuel rods for
fast fission in U 238, and for U 238 capture and U235 fission with both
bare and cadmium-covered foils. From these data, one is able to
calculate k ;
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(4) use of pulsed neutron and poisoned lattice methods as alter-
nate approaches to the determination of k.;
(5) use of threshold detectors to study fast neutron behavior
throughout the lattice cells;
(6) use of substituted and miniature lattices and single rod ex-
periments as alternative methods for determining lattice parameters
with a minimum expenditure of resources.
Some of the more important discoveries and conclusions result-
ing from this Project are:
(1) The fuel rod integral parameters p 2 8 , 625' 628, C* all
vary linearly with the volume fraction of fuel in the lattice. Strictly
speaking, this is true for infinite lattices; but for all practical
purposes, it also holds for finite lattices within the obtainable experi-
mental accuracy. The far-reaching extent of this conclusion is
exemplified by the fact that H20-moderated lattices also display the
same trend even though heterogeneous theory would appear inappli-
cable. This means that in the future one can delineate the behavior of
a family of lattices of interest with a much reduced number of experi-
ments.
(2) Basic data have been collected on uniform lattices of
slightly enriched uranium rods moderated by heavy water. These
data have been collected in an organized way so that it should be
possible to interpolate among the data, or to extrapolate if necessary,
to predict the reactor physics characteristics of any lattice of practi-
cal interest. By basing this interpolation on the linear correlations
developed, it is possible to predict such data with reasonable accu-
racy and within the experimental error associated with the base
measurements. The data can be used to predict the effects of a
number of important parameters including enrichment in the U 2 3 5
isotope, fuel composition (metal vs. oxide), fuel rod diameter, and
the spacing between fuel rods in the lattice. This project has
measured and compiled a large fraction of all data collected on this
general type of lattice to date.
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(3) New techniques have been developed based on heterogeneous
reactor theory and using a single rod or small number of rods. This
technique lends itself to prediction of the characteristics of complete
lattices. Substantial success was, in fact, obtained in exploiting this
approach, particularly during the final year of the project. Other
methods for obtaining data from small amounts of fuel which are not
direct consequences of heterogeneous methods were also examined in
detail: namely, two-region lattices and miniature lattices, again with
substantial success.
(4) It was shown theoretically and experimentally that square,
as opposed to triangular, spacing of the fuel had no important effect
on lattice parameters, and only the volume fraction of fuel need be
considered. This conclusion materially extends the applicability of
the MIT catalog of data which were, with one exception, measured in
lattices having triangular spacing.
(5) In common with the experience of other laboratories, it was
found to be extremely difficult to obtain integral parameter results
(p 2 8 , 628, 625, C*) having a standard deviation of better than 
±1 per-
cent. Careful consideration of the foil packet errors involved suggests
that a residual bias in results of as much as 2 or 3 percent can still
exist even after all known corrections are applied: for example, in
the use of metal foils to measure oxide core parameters. Attempts
to use new techniques or to refine old ones, to reduce these errors
substantially below those observed both here and elsewhere, have
been largely unsuccessful. For that reason, it is possible to obtain
more precise values of the combined parameter k, by other means:
two employed by the Lattice Project have been the pulsed neutron
method and the added absorber method. Of these two, the pulsed
neutron method appears to have the greater potential for further im-
provement and is easier to use.
We believe that the accuracy of the data which have been
accumulated is sufficient to permit reactor design without further K
cold, clean critical measurements. As is generally true of design
based solely on this type of result, however, the lifetime of the first
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core Qould have a relatively large uncertainty which might amount to
as much as twenty percent. This would have to be corrected for by
adjusting the enrichment, or other variable parameters, in subse-
quent cores based on initial core experience.
(6) What is perhaps the single most important lattice parameter,
the material buckling, can be extracted with better consistency and in
better agreement with theory by moments analysis of the experimental
data as opposed to conventional curve-fitting approaches.
(7) An important and still largely unexplored area which may
lead to improved lattice parameter measurement techniques is
more widespread application of sophisticated solid state gamma
spectroscopy and various coincidence counting methods. A start in
this direction was made by investigation of new techniques for the
measurement of 6 28'
(8) In general, it is possible to conclude that heterogeneous
reactor theory can be used to provide an adequate description of
low-enrichment uranium lattices moderated by heavy water. The
M.I.T. Lattice Project differs from previous work in its development
and application of heterogeneous lattice theory in that emphasis here
has been placed on the relation of heterogeneous to experimentally
measurable parameters. Within one to three percent accuracy,
theory and experiment seem generally to be in agreement.
Finally, the most pertinent conclusion of all may well be the
fact that a successful experimental program has been carried out in
the far subcritical regime and the results have been shown to be con-
sistent with the critical and subcritical results obtained elsewhere.
In this regard, application of the hohlraum concept, developed first
at M. I. T., has been extremely useful in that it made available a
highly thermalized, intense source of thermal neutrons to drive test
assemblies in a most convenient manner.
ix
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1INTRODUCTION
1. FOREWORD
This report is the seventh and final progress report of the Heavy
Water Lattice Project of the Massachusetts Institute of Technology.
The preceding six progress reports describe development of the
facility and experimental methods and give results for 15 lattice
spacings of five different sets of uranium metal fuel (1, 2, 3, 4, 5, 6).
The objectives of the Lattice Project research have been:
(1) To develop and improve experimental and theoretical techniques
for the investigation of lattices of slightly enriched uranium rods in
heavy water.
(2) To catalog a broad range of experimental data for important
reactor physics parameters in uniform lattices of slightly enriched
uranium rods moderated by heavy water.
(3) To develop and test theoretical methods for independent prediction
of, correlation of, and interpolation between the experimental results.
(4) To develop methods, such as single rod techniques and substituted
or miniature lattice techniques, which will permit the collection of
data on new lattices in this area with a minimal additional expenditure
of resources.
Part I of this report covers work done toward the above objectives
in the period from October 1, 1966 through September 30, 1967.
Part II summarizes and reviews all work done by the project since its
inception.
2. STAFF
The project staff, including thesis students, during the past year
was as follows:
2I. Kaplan, Professor of Nuclear Engineering
T. J. Thompson, Professor of Nuclear Engineering
N. C. Rasmussen, Professor of Nuclear Engineering (6/1/67 - 9/30/67)
M. J. Driscoll, Assistant Professor of Nuclear Engineering
F. M. Clikeman, Assistant Professor of Nuclear Engineering
E. J. Chase, SM Student (to Jan. 1967)
H. S. Cheng, Research Asst., ScD Student
C. H. Chung, Research Asst. (6/16/67-9/15/67)
J. N. Donohew, Research Asst. (6/16/67 - 9/15/67)
R. E. Donavan, SM Student (since June 1967)
I. A. Forbes, Research Asst., ScD Student (since Feb. 1967)
D. Frech, SM Student
J. W. Gosnell, ScD Student
M. J. Higgins, SM Student (since June 1967)
R. J. Hlista, SM Student (since June 1967)
D. J. Kennedy, Special Project Student
H. L. Massin, Research Asst., SM Student (since Feb. 1967)
L. T. Papay, ScD Student
E. E. Pilat, Research Asst., ScD Student (to Feb. 1967)
S. S. Seth, Research Asst.
R. R. Sonstelie, SM Student (since June 1967)
A. L. Wight, SM Student (since Feb. 1967)
A. T. Supple, Jr., Project Technician
N. L. Berube, Technician
R. DiMartino, Technician
Miss Barbara Kelley, Technical Assistant
D. A. Gwinn, Part-time Electronics Supervisor
Part-time and temporary student assistants (undergraduate):
P. Mockapetris, S. Hovemeyer, B. Hui, M. Huang
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4PART I
Annual Progress Report
October 1, 1966 through September 30, 1967
51. MATERIAL BUCKLING MEASUREMENTS
B. Kelley R. R. DiMartino
A. T. Supple F. M. Clikeman
N. L. Berube
1.1 INTRODUCTION
Standard methods have been developed to measure the material
buckling and the intracellular thermal neutron distributions for the
lattices studied in the M.I. T. Lattice Facility (1). Since the last
annual report (2), results have been obtained by using these techniques
on five lattices of uranium rods in D 20: 1.099% UO2, 0.431-inch-
diameter rods in 2.25, 1.5, and 3.5-inch-triangular spacings and a
3.25-inch-square lattice spacing; and 1.99% UO 2 , 0.431-inch-diameter
rods in a 3.5-inch-triangular spacing.
1.2 EXPERIMENTAL METHODS
Neutron flux distributions are measured throughout the lattice
assembly by activating gold foils, both bare and cadmium-covered.
Special aluminum foil holders are used to position the foils accurately
throughout the lattice assembly. The relative gold activity is measured
in both the radial and axial directions in the tank. The cadmium ratio
of gold is then calculated as a function of position to locate that region
of the lattice assembly which has an equilibrium neutron spectrum.
The relative activities of both the bare and cadmium-covered foils
from the equilibrium region are then fitted by least squares to the
functional relationship:
= AJ (ar) sinh y(H-Z), (1.1)
where
2
a is the radial buckling in the r direction,
2
y is the axial buckling in the Z direction,
and
H is the extrapolated height of the assembly.
6The material buckling B 2 is then given by
m
2 2 2B = a -7 . (1.2)
m
Corrections to the measured foil activities for counter deadtime,
activity decay times and foil weights, together with the least-squares
fitting to Eq. 1.1, are made with the aid of an IBM 7094 computer.
A more detailed account for the experimental techniques may be
found in reference 1.
1.3 RESULTS
The results of the measurements of a2 and T2 for five lattices
are given in Tables 1.1 through 1.5.
The errors quoted are the standard deviations of the mean com-
puted from the individual measurements of the buckling.
1.4 REFERENCES
(1) Palmedo, P. F., I. Kaplan and T. J. Thompson,
"Measurements of the Material Bucklings of Lattices of
Natural Uranium Rods in D 20," NYO-9660 (MITNE-13),
January 1962.
(2) "Heavy Water Lattice Project Annual Report," MIT-2344-9
(MITNE-79), September 30, 1966.
Table 1.1
Buckling Values for 0.431-Inch-Diameter, 1.09
(Density of 10.2 gm/cm 3 ) in a Lattice with 2.25-Inch
9% U0 2 Rods
Triangular Spacing
Radial Axial Material
D 0 Buckling Buckling BucklingRun Type of Type of 2 2 2 2
Number Run Detector Temperature a 2 Bmm
(*C) (cm- 2 X 106) (cm-2 X 106) (cm- 2 X 106
U8 Radial Bare Au 24 2392
VO 32 2416
V5 27 2396
W4 25 2447
Average 2419 11
U9 Cd-covered 23 2418
V1 Au 31 2406
V3 26 2391
WO 25 2385
W2 23 2377
W7 24 2347
Average 2387 10
U5 Axial Bare Au 25 1157
U7 27 1130
V4 25 1165
W1 22 1168
W6 23 1192
Average 1162±10
U6 Cd-covered 27 1203
V6 Au 27 1199
V9 24 1223
W5 24 1193
Average 1205± 7
Grand average of all axial measurements 1181± 9
Grand average of all radial measurements 2402 9
Material buckling = a 2 - 72 = 1221± 13
11
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Table 1.2
Buckling Values for 0.431-Inch-Diameter, 1.099% U0 2 Rods
(Density of 10.2 gm/cm 3 ) in a Lattice with 1.5-Inch Triangular Spacing
Radial Axial Material
D 0 Buckling Buckling BucklingRun Type of Type of 2 2 2 2
Number Run Detector Temperature a Bm
(*C) (cm-2 X 106) (cm-2 X 106) (cm-2 X 106
Y6 Radial Bare Au 28 2394
24 27 2417
04 31 2363
06 28 2366
Average 2385±13
X9 Cd-covered 24 2245
Y9 Au 23 2322
Z8 26 2294
Average 2287 ± 23
YO Axial Bare Au 23 1393
Y2 30 1376
Zi 28 1166
02 26 1169
03 32 1148
Average 1168±14
Y1 Cd-covered 24 1203
05 Au 29 1192
08 26 1179
Average 1191±12
Grand average of all axial measurements 1177 ± 14
Grand average of all radial measurements 2343 i 23
Material buckling = a 2 - 72 = 1166 27
)Table 1.3
Buckling Values for 0.431-Inch-Diameter, 1.099% UO Rods
(Density of 10.2 gm/cm 3 ) in a Lattice with 3.5-Inch Triangular Spacing
Radial Axial Material
D 0 Buckling Buckling BucklingRun Type of Type of 2 2 2 2
Number Run Detector Temperature a 2 Bm
(0C) -2 6 -2 6 -2 6(cm- X 10) (cm- X 106) (cm- X 10
36 Radial Bare Au 25 2486
40 26 2465
Average 2476 ± 11
38 Cd-covered 27 2324
45 Au 27 2311
Average 2318 ± 7
39 Axial Bare Au 28 1619
42 29 1632
44 28 1639
49 29 1638
54 28 1633
58 30 1633
Average 1632±3
37 Cd-covered 26 1623
41 Au 28 1590
47 27 1629
48 27 1575
56 28 1642
Grand average of all axial measurements 1623± 6
Grand Average of all radial measurements 2397 ± 46
Material buckling = a 2 -y2 = 774 46
Buckling Values for
(Density of 10.2 gm/cm 3 )
Table 1.4
0.431-Inch-Diameter, 1.099% U0 2 Rods
in a Lattice with 3.25-Inch Square Spacing
Radial Axial Material
D 0 Buckling Buckling Buckling
Run Type of Type of 2 2 2 2
Number Run Detector Temperature a 2 Bm
(0C) (cm-2 X 106) (cm- 2 X 106) (cm- 2 X 106
12 Radial Bare Au 22 2484
20 30 2475
24 26 2453
29 29 2490
34 28 2474
Average 2475± 6
11 Cd-covered 22 2255
16 Au 34 2304
26 23 2306
31 28 2305
Average 2293±13
13 Axial Bare Au 26 1628
15 24 1576
17 28 1602
30 28 1595
35 29 1623
Average 1605±9
10 Cd-covered 28 1550
14 Au 28 1610
23 26 1640
27 27 1640
32 28 1655
Average 1619±19
Grand average of all axial measurements 1612± 10
Grand average of all radial measurements 2394± 33
Material buckling = a 2 - 72 782 34
J
o.
Table 1.5
Buckling Values for 0.431-Inch-Diameter, 1.99% U0 2 Rods
(Density of 10.2 gm/cm 3 ) in a Lattice with 3.5-Inch Triangular Spacing
Radial Axial Material
D 0 Buckling Buckling BucklingRun Type of Type of 2 2 2 2
Number Run Detector Temperature a 2 Bm
(*C) (cm-2 X 106) (cm-2 X 106) (cm-2 X 106
65 Radial Bare Au 31 2457
69 31 2342
72 27 2458
82 30 2504
86 29 2531
Average 2458 ± 32
61 Cd-covered 31 2361
74 Au 28 2365
84 31 2344
Average 2357 ± 6
62 Axial Bare Au 32 925
67 31 906
68 33 1028
71 32 930
73 27 930
75 29 920
Average 936±19
64 Cd-covered 32 930
77 Au 30 924
79 31 906
81 31 864
83 30 947
Average 914±14
Grand average of all axial measurements 926 12
Grand average of all radial measurements 2420± 27
Material buckling a 2 - T2 = 1494 30
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2. DIAGONAL BUCKLING
I. A. Forbes
The material buckling of a subcritical assembly is usually
determined from the difference of separate measurements of the radial
2
and axial buckling. It is possible, however, to determine B directly
m
from a single diagonal traverse. It was the intention of this work to
discover with what precision this could be done; it was hoped that data-
taking could be halved, or even that the taking of buckling data could be
automated by using a counter that traverses a lattice in a single
(diagonal) direction.
2.1 EXPERIMENTS
The diagonal foil holders used for diagonal activation traverses
are similar to the standard radial foil holders, but are modified to
hang diagonally at an angle of about 400 instead of horizontally; the
foils are spaced so as to be positioned in the geometric center of each
of the unit cells traversed. Otherwise, all experimental procedures,
foil counting and raw data processing are exactly the same as for
standard buckling measurements (1).
Figure 6.1 of the 1966 Annual Report (2) shows the disposition of
the foil holder in a lattice, while Figure 6.2 shows typical diagonal
activity traverses (for the 2.25-inch-triangular-pitch lattice of 0.387-
inch-diameter, 0.947% enriched fuel rods).
Diagonal buckling measurements have been made during the past
year in five lattices of UO2 rods in D 20 - namely, for 1.099% enriched,
0.431 -inch- diameter UO2 rods in triangular lattice spacings of 1.50,
2.25 and 3.50 inches, and a square lattice spacing of 3.25 inches, and for
1.989% enriched., 0.431-inch-diameter UO2 rods in a triangular lattice
spacing of 3.50 inches.
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2.2 DATA ANALYSIS
Two computer codes - DIAGFIT and DIAGMOM - have been
written to calculate the parameters a2 2, y H and B from the data.Im
The DIAGFIT code uses the following iterative procedure:
2(a) An initial value is assumed for a . This can be done easily
because a2 changes only slightly from lattice to lattice (a value of
0.002425 cm-2 is used for the 3-foot-diameter tank).
(b) A radial distribution J 0 (ar) is computed and divided into the
experimental diagonal data to obtain a trial axial distribution, 4(z).
(c) The axial distribution is then analyzed using the moments
method described elsewhere in this report (high or low order moments
are optional for calculations) to obtain y 2, and also H if this is
possible.
(d) This value of y2 is then used to compute an axial distribution
sinh y(H-z) (or exp(--yz) if H could not be calculated) which is divided
into the experimental data to give a trial radial distribution, 4(r).
(e) A new value of a2 is determined from the radial distribution,
again using the moments method; linear extrapolation of a2 induces
convergence.
(f) Steps (b) through (e) are then repeated until a2 and y2 change
by less than 0.05%.
(g) The final values of a 2, -y and H are then used to calculate a
diagonal distribution which is compared with the experimental distri-
bution and the degree of fit computed.
The iteration on a2 and y2 performed by the DIAGFIT code may
be avoided by evaluating a2 directly from the diagonal data. If we
define the n thorder diagonal moment as
X
Mn f xn ln 4(x)/k(x)) dx, (2.1)
-X
it can be shown that
M a2X3 cos 1 + X 3( cos+) + , (2.2)23 2 6 1 + a 2 i(3+~ (ad) (2.)}
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where x is the diagonal distance from the center of the traverse, 0 is
the flux at the center of the traverse, 2X is the total diagonal length of
the traverse, d is the offset of the traverse from the lattice midplane,
6 is the elevation angle of the traverse, and the a 2i are the coefficients
of the series
J (Z) 00
2 (z) = 1 + a2i z2 (2.3)
0 i=1
Equation 2.2 may be solved for a2 by iteration, with an initial value of
6M
a2 0 6 . (2.4)
o X 3 cos 2 e
The DIAGMOM code uses this method in the following procedure:
(a) A value of a2 is computed directly from the diagonal distri-
bution by the method described above.
(b) An axial distribution, O(z), is obtained by dividing the diago-
nal data by J 0 (ar).
(c) 7 2 and H are evaluated from the axial distribution using the
moments method.
(d) A diagonal distribution is calculated from values of a , 2
and H, compared with the experimental distribution and the degree of
fit computed.
Both codes first fit to all experimental points; then they drop the
two end points and fit again; this process is repeated as many times as
2
desired. It is assumed that the best value of B is obtained with them
fit for which the degree of fit is a minimum. It is interesting to note
that as experimental points are dropped, a2 and y2 change in the same
direction and often by roughly the same amount, with the result that
2
changes in their difference, B, are much smaller.
2.3 RESULTS
2 2 2
Table 2.1 gives the values of a , -y and B computed from them
diagonal traverses in the six lattices in which diagonal buckling
measurements have been made.
For any given run, the reported values of the parameters are
15
those which yielded the best fit, both as to the code used (DIAGMOM
with low and high order moments and DIAGFIT with low order
moments) and as to the number of points fitted. In the majority of
cases, this proved to be for the DIAGMOM code with low order
moments, and two or four experimental points dropped.
2
Table 2.1 also compares the average value of B obtained form
each lattice with the value obtained from conventional axial and radial
buckling measurements. Agreement is good for the lattices with
smaller spacings (1.50 and 2.25-inch-triangular) but for the wider
spacings (3.25-inch-square and 3.50-inch-triangular) the value of B 2m
obtained by the diagonal buckling method is considerably lower than
the conventional value. This is probably the result of truncation error
in using Simpson's rule to estimate integrals over a small number of
experimental points (7 or even 5 points in the case of the 3.5-inch-
triangular pitch lattices).
2.4 REFERENCES
(1) Palmedo, P. F., I. Kaplan and T. J. Thompson,
"Measurements of the Material Bucklings of Lattices of
Natural Uranium Rods in D 2 0," NYO-9660, MITNE-13,
January 1962.
(2) Thompson, T. J., I. Kaplan and M. J. Driscoll, "Heavy
Water Lattice Project Annual Report," MIT-2344-9,
MITNE-79, September 30, 1966.
Table 2.1
Buckling Values Obtained from Diagonal Flux Traverses
Radial Axial Material
Buckling Buckling Buckling
Type of Lattice Type of Run 2 2 BDetector Number m
(cm-2 X 106) (cm-2 X 106) (cm-2 X 106
2.25-inch triangular Bare Au D1 2418 1179 1239
spacing of 0.947% D3 2396 1115 1282
enriched uranium Average 2407 ± 16 1147 ± 45 1261 ± 30
oxide rods Cd.-covered Au D2 2336 1124 1212
Grand average 1245 ± 35
Conventional 2406 ± 7 1162 ± 8 1244 ± 11
2.25-inch triangular Bare Au V2 2419 1219 1199
spacing of 1.099% W8 2470 1243 1227
enriched uranium X0 2408 1143 1265
oxide rods X1 2468 1181 1287
X4 2481 1223 1258
X6 2487 1176 1311
Average 2455 ± 33 1197 ± 37 1258 ± 40
Cd.-cov. Au V8 2475 1249 1226
X2 2376 1141 1235
X3 2359 1118 1241
Average 2403 ± 6 3 1169 ± 70 1234± 8
Grand average 1250±34
Conventional 2402 ± 9 1181 ± 9 1221 ± 13 I.
a)
CTable 2.1 (continued)
Buckling Values Obtained from Diagonal Flux Traverses
Radial Axial Material
Buckling Buckling Buckling
Type of Run a2  2 B2Type of Lattice Detector Number m
(cm-2 X 10 ) (cm-2 X 106) (cm-2 X 106)
1.50-inch triangular Bare Au Y8 2263 1008 1255
spacing of 1.099% Z2 1876 885 991
enriched uranium Z6 2272 1148 1124
oxide rods Average 2137±226 1014± 132 1123±132
Cd.-cov. Au Y3 2185 1048 1137
Grand average 1127 ± 108
Conventional 2343 ± 23 1177 ± 14 1166 27
3.25-inch square Bare Au 22 2395 1726 669
spacing of 1.099% 25 2360 1536 824
enriched uranium 28 2418 1848 570
oxide rods 33 2465 1850 615
Average 2409 ± 44 1740 ± 148 669 110
Cd.-cov. Au 18 2394 1709 685
Grand average 673±96
Conventional 2394±33 1612± 10 782±34
I.
Table 2.1 (continued)
Buckling Values Obtained from Diagonal Flux Traverses
Radial Axial Material
Buckling Buckling Buckling
Type of Lattice Type of Run 2 2 BDetector Number a2 Bm
(cm-2 X 10 ) (cm-2 X 10 ) (cm-2 X 106
3.50-inch triangular Bare Au 53 2450 1921 529
spacing of 1.099% 55 2484 1971 513
enriched uranium 57 2475 1934 541
oxide rods 59 2445 1905 540
Average 2464±19 1933±28 531±13
Cd.-cov. Au 50 2454 1872 582
Grand average 541±25
Conventional 2397 ± 46 1623 ± 6 774 ± 46
3.50-inch triangular Bare Au 63 2263 1006 1257
spacing of 1.989% 66 2248 968 1280
enriched uranium 76 2336 1014 1322
oxide rods 78 2227 894 1333
85 2293 1032 1261
Average 2274 ± 42 983 ± 55 1290 ± 35
Cd.-cov. Au 70 2504 1188 1316
Grand average 1295 ± 30
Conventional 2420 ± 27 926 ± 12 1494 ± 30
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3. MEASUREMENT OF INTEGRAL PARAMETERS
S. S. Seth
During the past year, measurements of C , p 2 8 , 628 and 625
were completed on five oxide fueled lattices. Progress was also
made on the determination of the effective resonance integral from
measurements of p 2 8 and 6 25' and on the correlation of k,.
3.1 CORRELATIONS FOR k0
Detailed consideration of the relation between k, and the four
parameters C, p 2 8 , 628 and 625 suggest several correlations appli-
cable to heavy water moderated lattices (1).
The first correlation tested was the predicted linear relation
between 1/ko, and C*:
1 1+ a25 * 1-628A
k V 25 + Coo V , (3.1)
0 25 25 .
where A = V28 - , and the other symbols have their usual meaning.
"25
Table 3.1 and Fig. 3.1 show the results obtained when Eq. 3.1 is
applied to the M. I. T. metal lattices.
The linear relation between 1/k, and C* involves several
approximations. Nevertheless, there appears to exist a linear
relationship between the inverse of the multiplication constant k, and
the conversion ratio C . That there is such a close relation is not un-
expected since C* accounts for the two dominant processes in a low
enrichment D 20-moderated lattice, U-238 absorption and U-235
fission.
Figure 3.1 also demonstrates the dilemma faced by the reactor
physicist working with such systems: a high value of multiplication
constant means low conversion ratio; and conversely, achievement of
high conversion ratios leads to the consideration of reactors having
low reactivity margins.
Measured Values of 1
Table 3.1
/k, and C for Various Lattices
Lattice Rod
Rod Diameter Spacing V f/Vc k 1/k C
and Enrichment (Inches)
0.25 inch 1.25 0.0363 1.24 0.806 0.8028
1.027% 1.75 0.0185 1.33 0.753 0.6345
2.5 0.0091 1.37 0.732 0.5506
0.25 inch 1.25 0.0363 1.32 0.752 0.789
1.143% 1.75 0.0185 1.40 0.714 0.625
2.5 0.0091 1.425 0.702 0.486
0.75 inch 3.5 0.041 1.32 0.757 0.7862
0.947% 5.0 0.02 1.38 0.725 0.6502
1.01 inch 4.5 0.0456 1.17 0.855 0.9677
Natural 5.0 0.037 1.20 0.833 0.9106
5.75 0.028 1.24 0.806 0.8613
Volume fraction fuel
Since C * varies linearly with the volume fraction of fuel, V f/Vc'
k will also vary linearly with this parameter. Figures 3.2 and 3.3
show that the correlation between 1/k, and Vf/Vc is linear for various
types of D 2 0 lattices; Fig. 3.2 shows results from experiments at
M. I. T., while Fig. 3.3 shows results of experiments in other labora-
tories on D 20-moderated fuel-cluster type lattices. Figure 3.4 in the
following section also shows a similar correlation for the M. I. T.
oxide lattices. The linear correlation appears to hold sufficiently
well to be of use in reducing the amount of experimental or theoretical
work required to define the properties of a set of lattices with a given
fuel type.
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3.2 PARAMETER MEASUREMENTS IN OXIDE-FUELED LATTICES
The following integral parameters were measured by means of
standard techniques (1):
= epcadium 238
epicadmium U 2 capture rate
p2 8  238subcadmium U capture rate
235
6 - epicadmium U fission rate
25 subcadmium U235 fission rate
6 2 3 8 fission rate
U 2 3 5 fission rate
C* U238 capture rate
U235 fission rate
Tables 3.2 and 3.3 list the results for the two fuel enrichments
studied. Table 3.2 contains the lattice and single rod values for
1.099% enriched, 0.431-inch-diameter UO2 fuel; three triangular
arrays and one square array were investigated. It is important to
note that the 3.25-inch-square and 3.50-inch-triangular lattices have
the same volume fraction of fuel (by design), and that the four
parameter values are essentially the same in the two lattices. This
indicates that correlations of the parameters in terms of the volume
fraction of fuel should be valid for any uniform lattice array. See
chapter 9 of this report for further discussion of this important con-
clusion. Table 3.3 lists results for the only 1.99% enriched lattice
investigated. These results may be compared with those in Table 3.2
for a lattice identical except for enrichment. As expected, the most
significant difference occurs in the parameter C
Figure 3.4 shows plots of the data of Table 3.1 versus the
volume fraction of fuel in the unit cell. The expected linear variation
is evident in all cases.
Iniegral Parameters-a)
Table 3.2
for 1.099% Enriched UO 2 Fuel
Lattice ERI
Pitch V (c) 6 6 No. of C Lattice(b) k -1(inches) f c 28 DET P28 DET 25 DET (barns)
1.5" 0.0749 0.02712 5 0.09456 7 0.06596 7 0.7839 19.7 0.796
±0.00050 ±0.0072 ±0.0013 ±0.0032 ±0.7
2.25" 0.0333 0.01873 5 0.4270 7 0.02966 5 0.5953 20.2 0.721
±0.00054 ±0.0056 ±0.00056 ±0.0023 ±0.7
3.5" 0.01376 0.01651 9 0.2030 9 0.012635 9 0.5102 19.5 0.687
±0.0002 ±0.0030 ±0.00020 ±0.0013 ±0.7
3.25" 0.01382 0.01663 11 0.1991 10 0.01379 7 0.5080 21.6 0.686(square) ±0.00010 ±0.0027 ±0.00034 ±0.0011 ±0.9
00 0.0 0.0178 2 0.0309 2 0.0021 2 0.4418 19.4
(single ±0.0016 ±0.0028 ±0.0017 ±0.0014 ±12.0rod)
(a) Values corrected for fuel displacement and presence of Cd covers. SDM includes Students' T Factor.
(b) Calculated from the ratio (p 2 8 /6 2 5 ). The Hellstrand value (see section 3.3) is 21.5 barns.
(c) Volume fraction fuel.
wl
C
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Table 3.3
Integral Parameters(a) for 1.99% Enriched UO2 Fuel
3.5-Inch Triangular Lattice
0.0157 ± 0.0004
0.3454 ± 0.0040
0.0208 ± 0.0005
0.3099 ± 0.0010
1.65
22.4 ± 0.9 (barns)
(5) (b)
(3)
(3)
Single Rod
0.0147 ± 0.0010
0.0588 ± 0.0090
0.0045 ± 0.0010
0.2480 ± 0.0010
(2)
(2)
(2)
(2)
(a) See comments on footnote to Table 3.2.
(b) Number in brackets is the number of independent
determinations.
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27
FIG. 3.4
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3.3 DETERMINATION OF THE EFFECTIVE RESONANCE
INTEGRALS FOR U-238
Effective resonance integrals are generally determined by
either activation or reactivity techniques. Measurements are
commonly made on single cylindrical rods. However, an obser-
vation concerning the values of p 2 8 and 625 measured for various238
lattices hasled to a new way of directly determining the ERI of U
for such lattices. While the ERI238 can be obtained from values of
P28 alone (2), it can be derived more simply from the expression
for P2 8 /6 2 5 as follows:
28_ = (epicadmium U-238 capture rate)
625 subcadmium U-238 capture rate/
(subcadmium U-235 fission rate (3.2)
\epicadmium U-235 fission rate)
The epicadmium U238 capture rate, including the "1/v-
contribution" above the cadmium cut-off energy (0.4 ev), is directly
238
proportional to the ERI2. Further, the epicadmium fissions in
235 aegvnbthtoaER 2 3 5U are given by the total ERI .ss Then, since both p2 8 and 625
are measured in the same lattice neutron spectrum, we obtain, on
rearranging Eq. 3.2,
) -
235(28 ERI238 O I
625) ERI235 238
fiss. a S
or
_ _238~
238[P28]a]( 23ERI 38 ERI f .ss (3.3)
-jSC
In the above expression, ER12 3 8 includes the 1/v contribution.
The lower limit of the integral is the cadmium "cut-off" energy
(-0.4 ev). The ratio p 2 8 /6 2 5 is obtained from experimental' measure-
238 235
ments of p2 8 and 625 for the lattice. The term (oa 2 f / SC is the
ratio of microscopic cross sections for absorption in U 2 3 8 and fission
in U235 for energies below the cadmium cut-off. To a good
29
approximation, the neutron spectrum below the cadmium cut-off may
be approximated by a Maxwellian distribution. A more accurate
value for the ratio may be obtained using cross sections calculated
by means of the THERMOS program. One will note that this same
*
ratio is required in the determination of C 1); hence, no new work
is required.
235The ERIf. in Eq. 3.3 must, strictly speaking, include self-
155s 238
shielding and some overlap by U resonances. But the resonance
peaks of U 2 3 5 are about one tenth as great as those of U 2 3 8 and the
nuclide concentration is less than one hundredth as large. Thus, as
discussed in reference 3, there will be very little self-shielding of
235 238
resonances in U2. The shielding effect of U resonances has
been measured in experiments carried out at Winfrith (U.K.) (4):
23823the U shielding factor (ratio of U2 3 5 epithermal fissions with and
without U 238) was estimated to be 0.91 ± 0.3 at the center of a
1.2-inch-diameter, natural uranium bar. The diameter of the largest
size rod used in the M. I. T. experiments was 1.0 inch. The rod-
23823
average U shielding correction to ERI 2 3 5 would then be about 5%.fiss
For other low enrichment uranium rods used at M. I. T., the correction
would be smaller. For these reasons, only the infinite dilution value
235(280 barns, ref. 5) was used for ERI fs in all calculations.
Equation 3.3 was applied to all of the metal lattices studied at
M. I. T. The ratio (P28/625) for various lattices was found by using
the experimental values of the parameters p 2 8 and 625 obtained by
previous workers and by the author. The subcadmium ratio
(0238 /235)SC was taken from the modified 1-D THERMOS Program
results for the various lattices. The Resonance Integrals obtained in
238this way, denoted as ERILAT, are listed in Table 3.4. These inte-
grals are taken from the cadmium cut-off (- 0.4 ev) upward, and
include the 1/v-contribution. The ERI's calculated in this manner
differ somewhat from those based on other conventions. The neutron
spectrum to which the calculated values correspond is not exactly
"1/E", and the 1/v absorption is included.
238
The standard ERI's (ERIHel) in Table 3.4 have been obtained
from the "best expression of ERI" reported by E. Hellstrand (6).
Values of
Diameter
(inches)
0.25
0.25
0.387
0.75
1.01
Table 3.4
ERI 2 3 8 , Obtained from Equation 3.3, for I
LATTICES
RodT pe
(S/M) 1 2
0.575
0.575
0.461
0.332
0.286
Enrichment
% U-235
1.027
1.143
0.947
0.947
Natural
Rod
Spacing
(inches)
1.25
1.75
2.5
1.25
1.75
2.5
1.5
2.25
3.0
00
3.5
5.0
00
4.5
5.0
5.75
00
Al Uranium Metal Lattices Studied at M. I. T.
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625
16.1
14.1
12.07
14.04
14.22
14.37
13.38
14.13
14.25
12.45
12.22
12.38
12.97
10.59
11.79
11.58
13.16
28
a
a25SC9 a )aSC
0.004812
0.004787
0.004773
0.004819
0.004792
0.004778
0.004844
0.004805
0.004791
0.004773
0.004836
0.004816
0.004797
0.004852
0.004846
0.004840
0.004821
12.11
238
ERILAT
(barns)
21.69
18.89
16.14
18.94
19.08
19.23
18.14
19.01
19.12
16.61
16.54
16.70
17.42
14.38
16.00
15.69
17.76
238
ERIHel
(barns)
19.85
19.85
16.8
13.35
31
This expression recommended by Hellstrand has been formed by
taking unweighted means of other "accepted" expressions after first
normalizing them to a common gold standard value (1565 barns).
For U-metal, the recommended value with an uncertainty of 3.5% is
given by (6):
ERI238 = 4.25 + 26.8- (S/M)1/2 barns (3.4)
Note that the values of ERI in Eq. 3.4 include the "1/v"i part of the
absorption and account for the non-1/E dependence of the neutron flux.
The lower energy limit of the Resonance Integral is 0.55 ev.
In Table 3.4, ERI have been further corrected to include theHel
additional 1/v-contribution from the cadmium cut-off energy of about
0.4 ev to 0.55 ev. This correction is just:
0.55 (E) dE (3.5)
0.4' f ai/v(E
The resulting additive correction is about 0.2 barns.
Table 3.2 also lists values for the UO 2-fueled lattices calculated
238 2
in the same way. The values of ERI el themselves have an uncertaintyHel
of about 3.5%; and it appears that the agreement between the two is
reasonable for the 0.25-inch-diameter metal rods and the 0.432-inch-
238
diameter oxide rods. The deviation of ERILAT values from theLA
standard ERI's is of the order of 20%, however, for larger diameter
metal rods; these deviations do not seem to be random. It appears
that the ERI's have, for the most part, been overestimated, and that
this discrepancy increases with rod size.
One possible reason for part of the observed deviations is that
the value of ERI235 used in calculations with Eq. 3.2 was not correctedfiss 238
for self-shielding and overlap by U resonances. Such a correction,
being greater for the larger diameter rods, would lower the estimated
ERI's in the same trend as the deviations noted above. However, as
was pointed out previously, such effects would be small for measure-
ments carried out in thermal lattices with fuel of low U enrich-
ment; and it is unlikely that the ERI's would be affected significantly
beyond their experimental uncertainty due to such causes.
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The most probable cause for the observed deviations lies in the
uncertainties associated with the experimentally measured parame-
ters p 2 8 and 625' especially the latter. As an example, for the 3.0-
inch-pitch lattice of 0.387-inch-diameter fuel rods, the ratios p 2 8
and 625 have standard deviations of about 1% and 10%, respectively.
238These lead to an uncertainty of about 10% in ERLAT . The clue to the
discrepancies may then lie in systematic uncertainties in the values
of 625. This possibility is also supported by certain deviations
observed by Pilat. In his work (2), Pilat has obtained ERI's for U
by using the measured values of 6 25* In the case of natural uranium
lattices, he obtains values of ER12 3 5 consistently lower than the
accepted value of 280 barns by about 15%. This result points to the
possibility that the experimental 625 values are consistently low.
238To summarize: in view of the results for ERI obtained for
all lattices, it appears that the new simple method of obtaining ERI 2 3 8
from the lattice ratio p2 8 /6 2 5 is a useful one and that the precision of
the results could be considerably improved by increasing the precision
of the 625 measurements. Aside from the bonus afforded in terms of
obtaining ERI's from already available parameter data, this approach
offers a consistency check on experimental technique: it was noted
that many data reported in the literature show a highly erratic scatter
in the values of the p 2 8 /6 2 5 ratio. Finally, the ERI values reported
in Table 3.4 do not appear to be sufficiently precise to show the small
linear decrease in ERI with the volume fraction of fuel predicted by
D'Ardenne (7). A simple theoretical analysis shows that this cor-
rection is approximately (1):
A ERI = 0.03 (ER1238) 2 ( ML. (3.6)
c
Predicted values of the change range from 0.1 to 0.5 barns for
the lattices studied and are therefore not observable.
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4. BUCKLING METHODS
H. S. Cheng
This section contains a summary of theoretical studies on the
concept and determination of buckling:
H. S. Cheng, I. Kaplan, M. J. Driscoll and T. J. Thompson,
"The Use of a Moments Method for the Analysis of Flux
Distributions in Subcritical Assemblies," MIT-2344-11,
MITNE-84 (to be issued).
A preliminary progress report was presented in the 1966 Annual
Report.
4.1 INTRODUCTION
The material buckling is a macroscopic parameter of prime
interest to a reactor designer, since it determines the critical size
or the critical enrichment of a thermal reactor. The material buck-
ling is relatively easy to measure and thus serves as a convenient
parameter for correlating reactor theory with experiment. Material
buckling has been extensively measured for thermal lattices in the
past (1, 2).
There are at least two methods of measuring the material
buckling: namely, the critical experiment (3) and the subcritical
experiment (4). In subcritical experiments, two different methods
are usually employed to measure the material buckling: the flux
shape method (5) and the variable loading method (6), with the former
being the more popular of the two. In these methods the data are
almost exclusively analyzed by curve-fitting methods (based on the
well-known least squares principle) to extract the buckling values (7).
The curve-fitting method works well enough for large exponential
assemblies because of the presence of an asymptotic region where
the asymptotic flux distribution predominates. Difficulties arise with
miniature lattices because the small size of the system leads to the
presence of a source neutron contribution and various transients in
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addition to the asymptotic flux distribution (8). Hence, some other
means must be invented for buckling analysis in miniature lattices,
which otherwise appear to be very attractive for the measurement
of reactor parameters (8, 9).
A moments method has consequently been developed for buck-
ling analysis., It has been used for miniature lattices as well as for
larger assemblies. The method has been applied to several full
lattices, and the results were given in the 1966 Annual Report (10)
and were compared there with the conventional curve-fitting method.
Six miniature lattices studied at the M. I. T. Lattice Project have also
been analyzed by the moments method in an attempt to extract buck-
ling values. The results indicate that the moments method is indeed
a better data reduction scheme for buckling analysis, as it gives a
smaller standard deviation and hence is more consistent in the inter-
pretation of buckling measurements than the curve-fitting method.
The major advantages of the moments method developed in the present
work are: first, the transient effect and part of the source effect
cancel as will be seen below; and second, the determination of the
axial buckling does not require the knowledge of the extrapolated
height, as is true of conventional curve-fitting methods. In the
moments method, the axial buckling is determined solely by the flux
moments, as defined in the usual sense, as in the calculation of
Fermi age (11). As a consequence, the extrapolated height can be
determined independently and with greater confidence. These facts
are particularly evident in the case of a very small system such as a
miniature lattice.
4.2 THEORY
Within the validity of asymptotic reactor theory (12), the
2
material buckling, Bm, for a subcritical assembly of cylindrical
geometry is given by
B a2 - , (4.1)
m
where a 2 is the (radial) buckling in the r direction,
72 is the (axial) buckling in the z direction.
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Thus, the determination of the material buckling requires an accurate
extraction of the axial and radial bucklings from the experimental foil
activation data.
4.2.1 The Determination of Axial Buckling and Extrapolated Height
Define the axial flux moments, 4 , as
b
On = f zn(z) dz for n = 0, 1, 2, .. ,oo. (4.2)
0
If the axial flux may be described by the expression
O(z) = A sinh y(I-z) , (4.3)
where A is the normalization constant,
2.
-y is the axial buckling,
and H is the extrapolated height,
we can evaluate the integral (4.2) to obtain,
n - cosh t(H-b) - nbn-1 sinh T(E-b) + n(n-1) 2*44)
The essence of the moments method for axial buckling analysis
consists in the elimination of the functional forms cosh y(H-b) and
sinh (E-b) by means of three independent equations involving three
consecutive moment indices (n-1), n, and (n+1). The results for the
axial buckling and extrapolated height are:
2 n(n+1) 0n- - 2n(n-1) bon- 2 + (n-1)(n-2) b2 n-3y (n) =2
On+1 - 2bon + b 2 
_ 1
for n = 3, 4, 5, . . . (4.5)
~ 1 1(bn~n+1) + n(n+) 4n-1 - n(n-1) bn n-2
H(n) = b+- tanh yb
y2[non1 (n+1)bon - n 2(n+ 1) 4n- + n(n-1)(n+1)bOn-
for n = 2, 3, 4, 5, ... (4.6)
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We have arbitrarily set the lower limit of the integral (4.2)
equal to zero, but in the actual calculation the first data point
selected for the buckling analysis does not, in general, correspond
to the zero of the coordinates system associated with the system in
question. For this reason, the actual extrapolated height of the sys-
tem should be the value calculated by (4.6) plus the lower limit of
the integral (4.2), namely,
~corrected = (n) + a , (4.7)
where a is the lower limit, i.e., the distance from the source to the
first data point.
2To extract values of 7 and H from the experimental data, the
theoretical flux moments in Eqs. 4.5 and 4.6 are replaced by the
corresponding experimental flux moments defined as
b
4x = n0 zA(z) dz, (4.8)
where A(z) is the experimental axial activation distribution. The
normalization constant, A 0 , does not enter into the calculation of
the axial buckling and the extrapolated height since they are
determined by the ratios of flux moments.
To pin down the value of the moment index which provides the
best values for the axial buckling and the extrapolated height, one
requires an error analysis that can be made with the aid of differ-
ential calculus. Consider that, in general,
72 2 (O' 1' 20 ' ' (4.9)
and H= 2(0 1'02' 'n ) (4.10)
Taking differentials, we obtain,
n (a2
67 6 , (4.11)
j=1j
A__ aHi676H0 64 + 262 .(4.12)
J=1 j 87
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2 ~.. 2
We define the probable errors in 7 and H as the magnitudes of 672
and 6H, i.e.,
- 2 162
7y
and o
H
=16HI . (4.13)
Since the flux moments can be evaluated analytically, the deviations
in the flux moments,
64= 4th
n n
64n , are given by,
exp
_n
A
(4.14)
The normalization constant, A 0 , is to be determined by minimizing
2 aTr
the probable errors in T and H. The results are:
A (n) =0 5j=
. n+j-4 0n+j-4j=1
5
Cn -(40 ex
j=1 n~-
2)
(4.15)
) -
for the axial buckling; and
A (n) =
o0
4 2
H exp
n+ n+j-3
4
j=1
(4.16)
)
for the extrapolated height,
Cn+j-4 C
n+j-3 (
2 2
n+j-4 ;
~2
n j -3
84 _-3
j = 1, 2, 3, 4, 5,
j =1, 2, 3, 4 .
where
and
(4.17)
(4.18)
n+j-3 0n+j-3, O+j-3
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4.2.2 The Determination of Radial Buckling
A. Iterative Moments Method
Consider first the simple case,
O(r, a) = A J0(ar) , (4.19)
where a2 is the radial buckling, and
A is the normalization constant.
2Assume that a is a good approximation to the true radial buck-
2 0ling a , so that we can expand O(r) as a Taylor series around a0 with
respect to a,
O(r, a) ~(r, a) + (a - aa) +
~lA{J0(a0r) -(a-a )rJ (a0r) } . (4.20)
Define the radial flux moments as
R
n R rn 0(r, a) dr ; n = 1, 3, 5, ... odd . (4.21)
Only odd moment indices are defined here because the even radial
flux moments cannot be evaluated analytically. Because of the rela-
tively small number of data points available for numerical integration,
only the first three lower flux moments will be used. These are:
= A L J1(a9R) - (o) F] (4.22)
03 = AG - a 0 H , (4.23)
5 = A[U a V , (4.24)
where
G = 2R2 J (a9R) + R J 1 (a9R) R2- , (4.25)
2 0 0 1 00
HE=R 2J1(aeR) 80 0O 2 R 2) + 4Ra 0
J1 (a0R) (R2 2'
a 0
FE -RJ(a R) + 2 RJ(aR
0 0 -J 1 aR
J0(a0R) (R 2 8)
a)
+ 0 R(aR) 4 R_416R~ 
2
a /
2V E R J (a R)0 0 (R4+
192 24R 2
a4 a2
0 0
+6 R
a
0
R(aR) + R 416R 2
It is permissible to choose any two flux moments to eliminate
the normalization constant, A. If 01 and 03 are used, one obtains
a - a
0 /
E G
I
- 3) R) J 1 (aR)j
01 Co - (4.30)
H -(9 F]
If 03 and $5 are chosen, the result is
(aa) [ "5() GJa a U - 3 G
0 = 
.
The new
L*V -Qi) H]
(4.31)
radial buckling a 2 is then given by
a2 = a2 1 +a
2
0a.)
o0
(4.32)
Since the method depends on the use of only the first-order
term of the Taylor series, it is necessary to repeat the calculation
2 2
using the newly computed a to replace the initial value a . The
iteration is continued until the following convergence criterion is
satisfied:
40
U=4R 
2
UE2
0
(4.26)
(4.27)
(4.28)
(4.29)
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2 2
j+1 2 < E2
a'.
J
(say 10-3) . (4.33)
The degree-of-fit criterion is given by the probable deviation in
the radial buckling,
2
6a2 = + 6 2 +
a ) 0 (4.34)2a + 6 .
The value of a2 appearing in Eq. 4.34 is not the initial value chosen to
0 2
start the iteration; rather it is the final convergent value of a.
2.
As before, the probable error in a2 is given by
2= 16a 21 (4.35)
which is primarily determined by the deviations in the flux moment
ratios 43/01 or 05/3'
=6-Oj 60. '-1 6
i
~2 +
~ exp~
6 4 th6k j LA~
2
4
i
~1/2
(64i) 2
j = 1, 3, 5 .
Again, the constant A is determined by minimizing the probable error
C- 2 . The result is
A th 2  e
4th) th xp
+ ,ep)2 Oh) 2
2
+ th 2 th p
j Je-
i, j = 1, 3, 5
(4.38)
where
(4.36)
(4.37)
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If reflector induced transients are present, particularly when
dealing with a small system, one must consider the case,
0(r) = A[J 9(ar) + c I 0 (r)] .
For details, see the topical report: MIT-2344-11, MITNE-84.
B. Direct Moments Method
Define the radial flux moments as
(4.39)
(4.40)
R
n =fR rn 0(r) dr0
If the radial flux 0(r) is given by
(4.41)(r) = A J0(ar) ,
then
Vn ~ (n1)2n-2 + ±- J1 (aR) +
(n- ) n-1
2 (2(aR)
a (4.42)
n = 1, 3, 5, ... , odd.
Once again the functional forms J 0 (aR) and J 1 (aR) are
means of three equations corresponding to the (n-2)th,
(n+2)th moments. The following result is obtained:
2
eliminated by
nth, and
n2 n-1 - 2R(n-1)2 n-2+ R 2(n-2)2 n-3
-@n+l + 2R" - R2 n-i
for n = 3, 5, 7,
The extrapolated radius, R, is given by
~Rl =2.4048
e p ea
The probable error in a 2is given by
- 2
a j
(j3 2
(4.43)
(4.44)
(4.45)j
SAex]'6 
44h6
(4.46)where
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4.3 RESULTS
The theory described in the previous section has been applied
to several large subcritical lattices as well as to miniature lattices.
The results are summarized below.
4.3.1 Calculation of Axial Buckling and Extrapolated Height
The code ABMOMENT was written in Fortran IV for the IBM
System 360 installed at the M. I. T. Computation Center to do the
axial buckling calculation. Tables 4.1 through 4.3 give the values of
buckling and extrapolated height of three different full lattices com-
puted by the moments method. The corresponding values obtained by
the curve-fitting method are also included for comparison. The
standard deviation is calculated by the formula (13),
N N 2 1/2
2= [N2 i1( 2)2](.7
-Y
~ N((1-) i 2]1/2 , (4.48)
Hi
N
where 7Y 2 i (4.49)
i= 1
H Hg , (4.50)
and N is the number of experimental runs.
It is evident that the standard errors in both the axial buckling
and extrapolated height can be reduced by a factor of 2, by optimizing
with respect to the moment index, as compared with the conventional
2
curve-fitting method. The error behavior of 7 and H is shown in
Figs. 4.1 and 4.2. There are obviously optimum values of the moment
index which give the minimum probable error.
CTable 4.1
Comparison of the Experimental Reproducibility in the Extraction of Axial Buckling and
Extrapolated Height by the Moments Method vs. the Conventional Curve-Fitting Method
for the Lattice Having 0.947% Enrichment, 3.0-Inch Triangular Spacing,
0.387-Inch-Diameter Uranium Rods
MOMENTS METHOD CURVE-FITTING METHOD
Type
of Run Axial Buckling Extrapolated Height Axial Buckling Extrapolated Height
Run Number 2 2
7(p B) H (cm) -y (yAB) H (cm)
P9 1369.48 131.049 1382 135.30
Q1 1380.07 128.263 1332 131.60
Axial
Q5 1354.19 127.623 1348 126.60
Bare
R4 1360.22 125.978 1387 127.30
Average 1365.99 iy 5.65 128.228 i 1.06 1362 ± 13 130.20 ± 2.03
Q2 1388.87 127.241 1386 131.10
Axial
Cd- Q6 1390.51 125.208 1384 130.40
covered Q8 1386.87 126.594 1394 127.70
Average 1388.75 ± 1.06 126.348 ± 0.60 1388 ± 3.06 129.40 ± 0.753
Table 4.2
Comparison of the Experimental Reproducibility in the Extraction of Axial Buckling and
Extrapolated Height by the Moments Method vs. the Conventional Curve-Fitting Method
for the Lattice Having 0.947% Enrichment, 3.5-Inch Triangular Spacing,
0.75-Inch-Diameter Uranium Rods
MOMENTS METHOD CURVE-FITTING METHOD
Type
of Run Axial Buckling Extrapolated Height Axial Buckling Extrapolated Height
Run Number 2 2
7 (pB) H (cm) 7 (pB) H (cm)
L9 44.192 124.295 40 124.5
M1 33.915 123.919 65 126.3
Axial
Cd- M3 39.433 124.091 48 125.0
covered M5 26.707 124.044 32 125.0
Average 36.026 ± 3.76 124.087 ± 0.078 46 ± 7 125.2 ± 0.385
MO 20.476 124.956 5 124.4
Axial M2 20.629 124.942 35 126.6
Bare M4 17.956 125.007 45 126.5
Average 19.687 ± 0.866 124.968 ± 0.020 28 ± 12 125.833 i 0.51
c-Il
C
Table 4.3
Comparison of the Experimental Reproducibility in the Extraction of Axial Buckling and
Extrapolated Height by the Moments Method vs. the Conventional Curve-Fitting Method
for the Lattice Having 0.947% Enrichment, 5.0-Inch Triangular Spacing,
0.75-Inch-Diameter Uranium Rods
MOMENTS METHOD CURVE-FITTING METHOD
Type
of Run Axial Buckling Extrapolated Height Axial Buckling Extrapolated Height
Run Number 2 (pB) H (cm) 7y2 (iB) H (cm)
H6 245.827 123.667 255 124.5
H9 255.192 124.096 261 124.0
Axial I 0 282.408 125.267 275 125.5
J9 252.467 122.899 260 122.2
Bare K1 258.877 124.343 298 125.4
K4 281.571 123.761 250 123.6
K6 279.342 124.406 300 126.2
K7 284.486 125.349 285 124.2
Average 267.521 5.623 124.223 ± 0.290 273.0 ± 7 124.45 i 0.433
H8 268.540 123.679 288 125.8
J1 299.811 121.113 305 120.2
Axial J3 285.157 122.707 310 121.9
Cd- J7 271.113 123.687 268 122.2
covered K3 257.029 124.604 247 123.6
K5 268.259 124.503 273 124.8
Average 274.985±6.180 123.382 ± 0.535 282.0 ± 10 123.083 ± 0.840
LEGEND: FUEL
RUN NUMBER ENRICHMENT
Q8 0.947%U
83 1.99 %U0 2
39
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65
LATTICE
SPACING
3.0" A
3.5"A
3.5"A
3.25"o
7
FUEL ROD
DIAMETER
0.387"
0.431"
0.431"
0.431"
& 83
o 23
39
/ Q8
8
MOMENT INDEX n
FIG. 4.1 THE BEHAVIOR OF THE ERROR IN
AXIAL BUCKLING vs MOMENT INDEX
47
~1
30 F-
20h -
:1=
z
0
w
10 -
0 3
' -
3.0 - O-7 '- 10 * v 2  " t-;
39 1.099 %UO2  3.5" a 0.431
23 1.099% U0 2  3.25"0 0.431"
C2-
0 .
w
:
x 
2
0
0a-
00
3 4 5 6 7 8
MOMENT INDEX n
FIG.4.2 THE BEHAVIOR OF THE ERROR IN
EXTRAPOLATED HEIGHT vs MOMENT INDEX
48
49
4.3.2 Calculation of Radial Buckling
The iterative moments method has been coded as RAMBLER,
and the direct moments method as RADBUCK, to do the radial buck-
ling calculations. The results for the corresponding full-size lattices
computed by the iterative moments method and by the direct moments
method are tabulated in Tables 4.4 through 4.7, along with the results
computed by the curve-fitting method for comparison. The corre-
sponding extrapolated radii and the linear extrapolation distances are
summarized along with the theoretical values predicted by the asymp-
totic transport theory (14) in Tables 4.8 through 4.11.
4.3.3 Calculation of Material Buckling
The values of the material bucklings of the same lattices con-
sidered in the previous two sections are calculated by Eq. 4.1 and
tabulated in Table 4.12 along with the corresponding results obtained
by the curve-fitting method.
4.3.4 Application to Miniature Lattices
Table 4.13 shows the values of axial buckling and extrapolated
height of 6 miniature lattices investigated at the M. I. T. Lattice
Project (10), cornputed by the code ABMOMENT. The corresponding
values of radial buckling and extrapolated radius obtained by the
iterative moments method are given in Table 4.14. Finally, Table
4.15 gives the values of the corresponding material bucklings for the
data obtained by bare gold foils.
4.4 DISCUSSION OF RESULTS
The moments method for buckling analysis appears to be a
better scheme than curve fitting for the extraction of buckling values,
as it gives better reproducibility. This is particularly true in the
case of axial buckling and extrapolated height. The strong point of
the moments method is, in fact, the weak point of the conventional
curve-fitting method; that is, in the latter method the extrapolated
height has to be assumed to begin the calculation of axial buckling.
For this reason, the value of the extrapolated height computed by the
Radial Buckling
Table 4.4
Values for a Lattice Having 0.387-Inch-Diameter, 0.947% U 2 3 5 Enriched,
Uranium Rods in a 3.0-Inch Triangular Spacing
Radial Buckling by Radial Buckling Radial
Type Type of Run Iterative Moments by Direct Buckling by
of Run Detector Number Method Moments Method Curve-Fitting
(pB) (pB) Method
a2 (pB) Degree a2 (pB) Degree (pB)
of Fit (pB) of Fit (pB)
Q9 2605.733 0.1777 2446
R1 2595.879 0.1084 2444
Radial R3 2575.772 0.0901 N. A. 2415
Bare Au R6 2606.683 0.0756 2473
R8 2585.537 0.1110 2448
Average 2593.919 ± 5.941 2445 9
a2 (pB) Degree a 2 (MB) Degree
of Fit (pB) of Fit (pB)
Q4 2521.959 0.0209 2346
Radial Q7 2567.361 0.0549 2420
Cd- RO 2523.077 0.0133 N. A. 2375
covered R2 2545.753 0.0347 2399
Au R5 2566.686 0.0208 2348
R7 2558.354 0.0416 2427
Average 2547.196 ± 8.430 2386± 15
U,
C
CTable 4.5
Radial Buckling Values for a Lattice Having 0.75-Inch-Diameter, 0.947% U235 Enriched,
Uranium Rods in a 3.5-Inch Triangular Spacing
Radial Buckling by Radial Buckling Radial
Type Type of Run Iterative Moments by Direct Buckling by
of Run Detector Number Method Moments Method Curve-Fitting
(pB) (pB) Method
a2 (pB) Degree a 2 (pB) Degree B)
of Fit (pB) of Fit (pB)
K9 1467.473 0.0116 1466.682 45.579 1399
Radial LO 1465.955 0.0052 1463.321 45.685 1416
Bare Au L2 1453.522 0.0061 1453.778 46.009 1398
L6 1440.373 0.0125 1441.537 46.432 1382
L7 1455.633 0.0079 1455.375 45.953 1425
Average 1456.590 i 4.896 1456.14 ± 4.37 1404 ± 8
a 2 (MB) Degree 2 Degreeof Fit (pB) a(B) of Fit (pB)
Li 1434.833 0.0146 1433.999 46.667 1398
Radial L3 1425.704 0.0274 1425.433 46.952 1380
Cd- L5 1435.644 0.0210 1434.778 46.642 1412
covered L8 1425.585 0.0235 1425.239 46.958 1388
Au
Average 1430.452 ±2.781 1429.86 ± 2.62 13 95 ± 7
c-Il
Table 4.6
Radial Buckling Values for a Lattice Having 0.75-Inch-Diameter, 0.947% U 2 3 5
Uranium Rods in a 5-Inch Triangular Spacing
Enriched,
Radial Buckling by Radial Buckling Radial
Type Type of Run Iterative Moments by Direct Buckling by
of Run Detector Number Method Moments Method Curve-Fitting(p B) Method
2 Degree 2 Degree (pB)
a (pB) of Fit (14B) a (pB) of Fit (pB)
G9 1448.201 0.00221 1459.376 100.524 1408
H2 1458.435 0.00189 1468.435 99.828 1420
H5 1457.600 0.00292 1468.990 99.738 1415
I 1 1437.443 0.00632 1449.675 101.299 1394
Radial I 2 1447.361 0.00587 1459.562 100.484 1404
I 3 1462.983 0.00980 1473.705 99.374 1425
Bare Au I 4 1466.571 0.02900 1594.473 89.691 1437
I 5 1456.850 0.00663 1468.437 99.774 1412
I 6 1452.297 0.01059 1462.708 100.282 1413
J2 1431.813 0.00063 1444.188 101.746 1387
J4 1431.910 0.00451 1443.569 101.806 1389
J5 1429.566 0.00443 1440.900 102.041 1388
J8 1463.850 0.00158 1473.969 99.375 1428
KO 1458.652 0.00490 1469.556 99.706 1418
Average 1450.251 ± 3.424 1469.823 ± 10.07 1410 ± 4
Radial Cd- H3 1430.668 0.00032 1439.017 102.301 1396
covered H4 1426.246 0.00350 1436.049 102.481 1387
Au H7 1434.830 0.01262 1443.780 101.881 1396
Average 1430.581 ± 2.478 1439.62 ± 2.25 1393 ± 3
C.n
C
C J
Table 4.7
Radial Buckling Values for a Lattice Having 0.387-Inch-Diameter, 0.947% U235 Enriched,
Uranium Rods in a 1. 5-Inch Triangular Spacing
Radial Buckling by Radial Buckling Radial
Type Type of Run Iterative Moments by Direct Buckling by
of Run Detector Number Method Moments Method Curve-Fitting
(pB) Method
a2(pB) Degree 2 Degreeof Fit (pB) a (pB) of Fit (pB) (pB)
Radial Bare Au N4 2426.811 0.0594 2424.426 44.989 2375
N6 2416.376 0.0875 2413.793 45.096 2373
N7 2426.396 0.0808 2424.850 45.075 2382
N9 2416.339 0.0946 2413.745 45.094 2373
P3 2430.290 0.0508 2425.201 44.766 2390
P6 2425.181 0.0790 2423.164 45.039 2374
Average 2423.564 ± 2.383 2420.86 ± 2.26 2378 ± 3
2 Degree 2 Degree
a (pB) of Fit (pB) a (pB) of Fit (pB)
Radial Cd- N3 2415.169 0.1170 2409.945 44.941 2364
covered N5 2395.757 0.1427 2391.036 45.204 2347
Au
PO 2389.098 0.1320 2386.514 45.433 2335
P2 2390.128 0.1450 2386.587 45.333 2342
P4 2405.154 0.1290 2398.930 45.039 2354
Average 2399.059 ± 4.932 2394.60 ± 4.45 2348 ± 5 01CA2
CTable 4.8
The Values of Extrapolated Radius and Linear Extrapolation Length for a Lattice
Having 0.387-Inch-Diameter, 0.947% U235 Enriched, Uranium Rods
in a 3.0-Inch Triangular Spacing (Xtr ~ 2.60 cm)
Extrapolated Radius Extrapolated Radius Linear Extrapolation
Type Type of Run by Iterative Moments by Curve-Fitting Length by Iterative ( d
of Run Detector Number Method Method Moments Method \tr
(cm) (cm) (cm)
Radial Bare Au Q9 47.11008 48.72 1.39008 0.535
R1 47.19940 48.70 1.47940 0.569
R3 47.38329 49.10 1.66329 0.640
R6 47.10149 48.40 1.38149 0.532
R8 47.29370 48.74 1.57370 0.606
Average 47.21758 ± 0.0542 48.71 i 0.092 1.49759 i 0.0542 0.577
Radial Cd- Q4 47.88614 49.75 2.16614 0.833
covered Q7 47.46083 49.00 1.74083 0.670
Au
RO 47.87552 49.40 2.15552 0.828
R2 47.66182 49.20 1.94182 0.748
R5 47.46707 49.70 1.74707 0.672
R7 47.54430 48.80 1.82430 0.702
Average 47.64925 ± 0.0790 49.30 ± 0.141 1.92928 ± 0.0791 0.742
Based on the same Xtr
U,
Al
Type 4.9
The Values of Extrapolated Radius and Linear Extrapolation Length for a Lattice
Having 0.7 5-Inch-Diameter, 0.947% U235 Enriched, Uranium Rods
in a 3.5-Inch Triangular Spacing (Xtr ~ 2.74 cm)
Extrapolated Radius Extrapolated Radius Linear Extrapolation
Type Type of Run by Iterative Moments by Curve-Fitting Length by Iterative fd
of Run Detector Number Method Method Moments Method \ tr(cm) (cm) (cm)
Radial Bare Au K9 62.77602 64.40 1.81602 0.663
LO 62.80850 63.99 1.84850 0.675
L2 63.07655 64.39 2.11655 0.772
L6 63.36383 64.70 2.40383 0.877
L7 63.03079 63.75 2.07079 0.756
Average 63.01108 ± 0.106 64.20 ± 0.173 2.05114 ± 0.1062 0.748
Radial Cd- Li 63.48491 64.39 2.52491 0.922
covered L3 63.68895 64.75 2.72895 0.996Au
L5 63.46809 64.03 2.50809 0.916
L8 63.69162 64.50 2.73162 0.997
Average 63.58339 ± 0.0618 64.45 ± 0.156 2.62339 ± 0.0618 0.958
*
Based on the same t
C."
C."
CTable 4.10
The Values of Extrapolated Radius and Linear Extrapolation Length for a Lattice
Having 0.75-Inch-Diameter, 0.947% U235 Enriched, Uranium Rods
in a 5-Inch Triangular Spacing (Xtr 2.71 cm)
Extrapolated Radius Extrapolated Radius Linear Extrapolation
Type Type of Run by Iterative Moments by Curve-Fitting Length by Iterative (d
of Run Detector Number Method Method Moments Method \X )
(cm) (cm) (cm)
Radial Bare Au G9 63.19234 64.15 2.23234 0.823
H2 62.97023 63.80 2.01023 0.742
H5 62.98825 64.00 2.02825 0.749
I 1 63.42836 64.49 2.46836 0.912
I 2 63.21066 64.20 2.25066 0.831
I 3 62.87228 63.71 1.91228 0.706
I 4 62.59203 63.50 1.63203 0.603
I 5 63.00447 64.02 2.04447 0.753
I 6 63.10315 64.02 2.14315 0.791
J2 63.55293 64.55 2.59293 0.956
J4 63.55078 64.53 2.59078 0.955
J 5 63.60287 64.54 2.64287 0.975
J8 62.85365 63.70 1.89365 0.700
KO 62.96555 63.99 2.00555 0.738
Average 63.13470 ± 0.0812 64.09 i 0.095 2.17483 ± 0.0811 0.802
Radial Cd- H3 63.57837 64.48 2.61837 0.965
covered H4 63.67685 64.55 2.71685 1.002
Au H7 63.48608 64.48 2.52608 0.935
Average 63.58043 i 0.0551 64.50 t 0.067 2.62043 t 0.0551 0.967
Based on the same Xtr
C~n
C)
Table 4.11
The Values of Extrapolated Radius and Linear Extrapolation Length for a Lattice
Having 0.387-Inch-Diameter, 0.947% Enriched, Uranium Rods
in a 1.5-Inch Triangular Spacing
Type Type of
of Run Detector
Extrapolated Radius
Run by Iterative Moments
Number Method
(cm)
Extrapolated Radius
by Curve-Fitting
Method
(cm)
Linear Extrapolation
Length by Iterative
Moments Method
(cm)
Radial Bare Au N4 48.81584 49.35 3.09584
N6 48.92114 49.38 3.20114
N7 48.82001 49.29 3.10001
N9 48.92151 49.38 3.20151
P3 48.78090 49.21 3.06090
P6 48.83224 49.36 3.11224
Average 48.84859 0.0240 49.30 ± 0.031 3.12861 0.0212
Radial Cd- N3 48.93336 49.56 3.21336
covered N5 49.13121 49.74 3.41121Au
PO 49.19963 49.82 3.47963
P2 49.18903 49.76 3.46903
P4 49.03513 49.60 3.31513
Average 49.09766 ± 0.0504 49.73 ± 0.051 3.37767 ± 0.0505
01
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Table 4.12
The Values of Material Bucklings of Slightly Enriched Uranium Fueled and Heavy Water Moderated
Lattices of Triangular Spacing Obtained by the Moments Method
and the Conventional Curve-Fitting Method
MOMENTS METHOD CURVE-FITTING METHOD
Rod Material Probable Material 
Probable
Enrichment Pitch Diameter Buckling Error 
Buckling Error
Enrchmnt itc Dimetr u (RB) 2-2(B
(0o) (inch) (inch) B 2(B) B 2  B (RB) B2m m m m
1227.93 8.20 1083.0 15.80
0.947 3.00 0.387 4
1158.45 8.50 998.0 15.30
1436.90 4.98 1376.0 14.43
0.947 3.50 0.750
1394.39 4.69 1349.0 9.90
1182.73 6.59 1137.0 8.06
0.947 5.00 0.750
1155.60 6.67 1111.0 10.44
* *
The top values are bare material bucklings.
The bottom values are epicadmium material bucklings.
co
CTable 4.13
The Values of Axial Buckling and Extrapolated Height of Six Miniature Lattices
Fueled with Slightly Enriched Uranium and Moderated by Heavy Water
MOMENTS METHOD
Fuel Extrapolated
Type of Lattice Enrich- Pitch Rod Axial Buckling Height
Run Desig- ment Diameter
nation 2(%) (inch) (inch) 72 ([B) o- 2 (iB) H (cm) co (cm)
H
Axial ML2 1.143 1.25 0.25 5844.131 69.131 47.7252 0.1969
Bare ML7 1.143 1.75 0.25 6139.457 35.230 44.7205 0.0521
ML3 1.143 2.50 0.25 6984.390 72.420 46.4082 0.1685
ML4 1.027 1.25 0.25 5760.200 78.400 47.1350 0.1100
ML6 1.027 1.75 0.25 6425.705 69.768 44.9764 0.1132
ML5 1.027 2.50 0.25 7294.700 98.200 46.9550 0.2570
Axial ML2 1.143 1.25 0.25 4226.785 87.004 47.3785 0.1273
Cd- ML7 1.143 1.75 0.25 3484.142 82.537 45.0579 0.0679
covered ML3 1.143 2.50 0.25 3386.289 69.355 46.7091 0.0842
ML4 1.027 1.25 0.25 4285.529 82.150 47.0151 0.1109
ML6 1.027 1.75 0.25 3464.575 66.564 45.1240 0.0555
ML5 1.027 2.50 0.25 3312.792 72.674 46.4803 0.0836
Co"
CTable 4.14
The Values of Radial Buckling and Extrapolated Radius of the Miniature Lattices
Fueled with Slightly Enriched Uranium and Moderated by Heavy Water
ITERATIVE MOMENTS METHOD
Fuel Lattice Fuel Rod
Lattice Enrich- Spacing Diameter Radial Buckling Extrapolated
Type of Desig- ment 2 * Radius
Detector nator (%) (inch) (inch) a ([iB) a 2 ([iB) 1 (cm)
a
Bare ML2 1.143 1.25 0.25 7124.2 0.0036 28.491
Gold ML7 1.143 1.75 0.25 7222.6 0.0096 28.296
Foils ML3 1.143 2.50 0.25 7930.4 0.0130 27.007
ML4 1.027 1.25 0.25 7084.3 0.0053 28.571
ML6 1.027 1.75 0.25 7267.0 0.0092 28.210
ML5 1.027 2.50 0.25 8242.3 0.0150 26.489
Cd- ML2 1.143 1.25 0.25 6455.1 0.0179 29.931
covered ML7 1.143 1.75 0.25 6430.0 0.0103 29.990
Gold ML3 1.143 2.50 0.25 7291.2 0.0157 28.163
Foils ML4 1.027 1.25 0.25 6585.0 0.0056 29.635
ML6 1.027 1.75 0.25 6620.9 0.0076 29.554
ML5 1.027 2.50 0.25 7032.9 0.0896 28.676
The minimum error corresponding to the best value of the radial buckling. M
Table 4.15
The Values of the Material Buckling of the Six Miniature Lattices Calculated by the RAMBLER Code
Together with the Values of the Corresponding Full-Size Lattices
and the Two-Group Theoretical Values
Experimental Material
Buckling Theoretical
Fuel Miniature Full-Size Two-Group
Type of Lattice Fuel Lattice Rod Lattice Lattice Material
Detector Designator Enrichment Spacing Diameter B2 ([iB) B2 ( B)* Buckling
(%) (inch) (inch) m m ([iB)
Bare ML2 1.143 1.25 0.25 1162 1444 1525
Gold
Foils ML7 1.143 1.75 0.25 1205 1405 1485
ML3 1.143 2.50 0.25 946 1007 1050
ML4 1.027 1.25 0.25 1270 1177 1400
ML6 1.027 1.75 0.25 813 1200 1320
ML5 1.027 2.50 0.25 948 891 960
These values are calculated by the curve-fitting method.
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curve-fitting method is less reliable and, in fact, somewhat indetermi-
nate in some cases. For the calculation of axial buckling, the moments
method does not require the prior knowledge of extrapolated height.
On the contrary, it is, as a matter of fact, able to compute the ex-
trapolated height independently.
Another feature of the moments method for the analysis of axial
buckling is the offsetting of source and boundary effects which can
become so severe in a small system (such as in miniature lattices) as
to invalidate the conventional curve-fitting method. In fact, the
curve-fitting method fails to provide a consistent value of axial buck-
ling in the miniature lattices. This feature is best explained by the
sketch of a typical axial flux distribution in a small subcritical
assembly in Fig. 4.3. A P 3 calculation reveals that the transient flux
is positive near the source but negative near the boundary. Hence, the
transient flux moments tend to cancel; in addition, they will also off-
set a part of the source moments, depending on the weighting factor,
i.e., the moment index. This is due to the fact that the transient flux
moments increase in absolute magnitude more rapidly than the source
moments as the moment index is increased. Thus there exists a
certain value of the moment index which will retain the asymptotic
flux moments with the minimum net contribution of the source neutron
and transient flux moments. This effect is shown in Fig. 4.1 and
Fig. 4.2, where the error is reduced as the moment index increases,
until truncation errors in integration force it to increase again.
In the case of radial buckling, the radial foil activities
measured on the two opposite sides of the assembly are usually not
exactly equal. This is indicative of a possible deviation from ideal
experimental conditions - for example, foil holder tilt (15). As one
result, the position of the true center of the assembly is hard to
determine accurately. The moments method again removes part of
this difficulty, since the centermost activity (r=O) is annihilated (r n=0)
in the calculation of radial flux moments.
The radial buckling values obtained by the iterative moments
method are consistently larger than the corresponding values
extracted by the curve-fitting method by about 40 B. The standard
26
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deviation in radial buckling is so much improved that a consistent
value of the linear extrapolation distance can be obtained and com-
pared with the theoretical value (0.7104 Xtr) given by asymptotic
transport theory.
The buckling analysis by the moments method for the miniature
lattices reveals a sizable difference between the subcadmium and epi-
cadmium bucklings, in contrast to the insignificant difference for the
full-size subcritical lattices (2). One might infer at least the follow-
ing reasons: (a) The neutron spectrum in the miniature lattice does
not reach its equilibrium state, at least not at 20 cm or so from the
source. (b) The radial leakages for the subcadmium and epicadmium
neutrons are significantly different, attributable to the fact that the
assembly is bare to the subcadmium neutrons, but reflected to the
epicadmium neutrons (a thick layer of boron and cadmium lined
paraffin was placed around the system). As a consequence, the two
different groups of neutrons are virtually decoupled, or at least
loosely coupled. This may lead to different buckling values.
It is seen that the bare material bucklings of the six miniature
lattices are in poor agreement with the corresponding full-lattice
values. This is due to the fact that the radial bucklings are apparently
too low, as the theoretical values should be about 7600 p.B. Work on
this problem is still in progress. The final results of the material
bucklings of the miniature lattices are forthcoming in the topical
report: MIT-2344-11, MITNE-84.
4.5 CONCLUSIONS
The moments method developed in the present work has proven
to be a more consistent and reliable scheme for the analysis of buck-
ling values in general, and for obtaining the extrapolated size in
particular, than the conventional curve-fitting method. Its superiority
is even more appreciable in a small subcritical assembly where the
curve-fitting method runs into serious trouble. The approach can be
easily extended to critical systems.
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5. NEUTRON TEMPERATURE MEASUREMENTS
INSIDE FUEL RODS
D. Frech
It is necessary to know the neutron spectrum throughout a
lattice or heterogeneous reactor in order to predict the neutron
reaction rates in the fuel, moderator, and other regions. If certain
assumptions are made as to the shape of the neutron spectrum, it
can be characterized by an effective neutron temperature. A
knowledge of this average effective neutron temperature in the fuel
permits calculation of the average thermal neutron absorption and
fission cross sections in the fuel. While it would also be of some
interest to measure the microscopic variation of temperature with
radial position inside the fuel, the objective of this work was instead
to develop a useful method for making integral measurements char-
acteristic of the entire fuel rod, in much the same manner as others
have already done for the parameters C , 625, 628 and p 2 8 (1)
5.1 THEORY OF TEMPERATURE MEASUREMENTS
One quantity that is sensitive to the energy distribution of
177 176m ..
thermal neutrons is the subcadmium Lu /Lu activity ratio,
called the activity ratio in this report. Investigators at Westinghouse
(2), and others, have converted this activity ratio into an effective
neutron temperature by a method based on the Westcott g factor
formulation. After some preliminary investigations, it was decided
to develop a more direct approach to relate the activity ratio to the
neutron temperature.
5.1.1 Calculated Activity Ratio
The Lu 77/Lu176m subcadmium activity ratio, R c, was com-
puted from the expression (3):
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N 1 7 6 0 t
c N 1 7 5 Et 0.0253 E e-E/kTn dE + Et 0.0253 E 2 e~ E 1 dE01.5E Et E t
(5.1)
Here E is the neutron energy and Er is the energy of the Lu176 reso-
nance (0.142 ev), a is the cross section at this resonance (13630 barns),
r 175
and a is the activation cross section of Lu at 0.253 ev (18 barns).
In Eq. 5.1, 0 represents the shape of the resonance in Lu including
Doppler broadening. An approximation described by Nordheim (4) which
has been used in the calculation of q/ is:
1 2w(3q 2  , (5.2)
1+ q (1+q2
2(E-E ) 4E kT
where q = r , w = r m ,1I is the level width of the resonance
'7 176122 5 ev
(0.0589 ev), k is Boltzmann's constant (8.617 X 10 - ), and T is theOK m
physical temperature of the lutetium absorber, which is taken to be equal
to the temperature of the moderator in a low power subcritical assembly.
The factor 176 in the denominator of the expression for w is the atomic
weight of the absorber.
It is assumed that the flux distribution is Maxwellian up to a
1
thermal cutoff energy, Et, and proportional to 1 above Et; thenT ti
( CE e E/kTn E < Et4(E) = (5.3)
CE2 e~/E, E > Et
The parameter y determines the Maxwellian cutoff energy, ykT n. It is
readily determined that r, the ratio of epicadmium to subcadmium
activation for a 1/v absorber, is
r = c Nj em + - (5.4)
kTn (4 P 2 2p3/2
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In this work, fission of U 2 3 5 was used as the effective "1/v 1 reaction;
hence, r 6 25' a quantity routinely measured for each lattice.
Equation 5.4 permits computation of p from experimental data.
Figure 5.1 shows the computed activity ratios for various values
of p. The particular values chosen are, in fact, the experimentally
determined values of p for each lattice studied, and a curve corre-
sponding to p =4 for purposes of comparison. By setting p to a very
high value (e.g., 50 in the present work), results were also obtained
for a pure Maxwellian spectrum with no 1/E tail.
It can be seen from Fig. 5.1 that uncertainty in y in the range of
p = 4 to 5 may have considerable effect on the neutron temperature
which would be inferred from a given activity ratio. This behavior
might be anticipated since the Lu176 resonance occurs at an energy
equivalent to p = 5.6 (for 20*C neutrons, or kT n = 0.0253 ev). This also
explains why the activity ratio curves approach the limiting curve (p = 00)
rapidly when y exceeds about 6.
Various authors have indicated that the effective cadmium cutoff
energy Ec can be somewhat higher than 0.4 ev or 0.5 ev, which are
often used; hence, 0.55 ev was chosen as the effective cutoff energy of
the 0.025 to 0.030-inch cadmium filters used in this study. In any case,
numerical tests showed that uncertainty in the effective cadmium cutoff
energy in the range 0.45 ev to 0.65 ev does not appreciably affect the
activity ratio for a given neutron temperature.
It was also observed that as the foil temperature was increased
from 20*C to 3001C the corresponding increase in the computed activity
ratio was only about 0.024, or less than 0.3%. The foil temperature
enters in as Tm in the expression O(E) for the Doppler broadened
resonance. This result indicates a negligible effect of the physical
temperature of the foil on the Doppler broadened resonance cross
section up to 300*C, at least for the purpose of this study.
5.1.2 Normalization Factor
A multiplicative correction factor, f, was used to obtain cor-
rected activity ratios, Rc =fR , from the experimentally measured
ratios, Rm. Factors included in f are counter efficiencies, cross
10 -= 50(i.e.co)
yL = 10.07
p=6.47 -
9 -- )u= 5. 27
p=4. 0
o-
5 --
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NEUTRON TEMPERATURE, *C
FlG. 5.1 COMPUTED SUBCADMlUM 17Lu/l176mLu ACTIVITY RATIOS FOR
DIFFERENT VALUES OF THE THERMAL CUTOFF ENERGY, sxkTn
(Ec =0.55 eV, Tm = 26*OC)
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section ratios, foil self-shielding ratios and the like. Since many of
these factors are not known with high accuracy or readily corrected
for theoretically, f was determined experimentally.
To obtain the normalization factor, the activity ratio
Lu 7/Lul76m was measured in pure moderator in the D 20 tank. The
neutron temperature is then assumed to be the same as the moderator
temperature and f = ,R] where subscript m implies a moderator
-m -m
or calibration run.
To include foil scattering effects in the normalization factor, f,
the calibration or moderator runs were done in a dummy fuel rod in
which the fuel was replaced with lead carbonate. Lead carbonate was
chosen because its absorption cross section is nearly zero, while its
macroscopic scattering cross section approximates that for UO 2 fuel.
5.1.3 Foil Perturbation Errors
Lutetium metal was chosen for the detector foils for several
reasons. The metal is more easily handled than lutetium oxide, and
there is no need to intercalibrate foils (other than by weight) as might
be necessary for alloy foils. The higher macroscopic cross section of
elemental lutetium leads to better counting statistics for a given foil
thickness. As shown by Price (5), it is important to minimize foil
packet thickness in order to displace as little fuel as possible and
thereby avoid the attendant errors. Another important point to note is
that perturbations depend on the product ( 2 A - t). Thus, for a given
weight of lutetium the error due to flux depression is the same,
regardless of foil density; there is really no advantage involved in
diluting the lutetium.
5.2 EXPERIMENTAL NEEDS
5.2.1 The Lutetium Irradiations
While lutetium oxide or lutetium aluminum alloy has been used by
most experimenters, the availability of lutetium metal made it desir-
able to use this material for the experiments for the reasons discussed
above. Although the metal is rather brittle, it is fairly stable in air and
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no problems arose because of oxidation. It was necessary to weigh the
foils after each use, since some erosion or chipping occurred on the
edges of the foils. The maximum weight loss in any run was 2.1% of
the total foil weight.
A gram of 0.005-inch-thick lutetium sheet was made into four
foils of the same diameter as the fuel pellets by means of a 0.431-inch
steel punch. The remaining metal was used for smaller reference foils
which served to monitor the residual activity in the foils. Because four
0.431-inch-diameter foils were required for each run, except for the
moderator runs, the same foils were used each time. At least fourteen
177
days were allowed between irradiations to allow the 6.75-day Lu to
decay sufficiently.
Lattices investigated consisted of 0.431-inch-diameter, uranium
oxide rods enriched to 1.099% U 235 clad in 0.030-inch aluminum, and
arranged on triangular spacings of 1.5 inches and 2.25 inches, respect-
ively. In addition, irradiations were made in a single fuel rod at the
center of the lattice D 2 0 tank and in the D 2 0 moderator alone. Runs
were made at two different temperatures for each lattice studied, for
the single rod, and for the moderator: one at ambient temperature, or
about 26*C, and one in which the heavy water was heated to approxi-
mately 63*C.
In general, the procedures used to irradiate the lutetium foils
were, by design, exactly the same as comparable procedures employed
in irradiating the uranium foils used to measure the standard fuel rod
integral parameters 628, 625' P 2 8 , and C * (1); but bare and cadmium-
covered lutetium foils were substituted for the bare and cadmium-
covered uranium foil packets.
Irradiation times were kept as short as possible (20 minutes for
lattice runs) to minimize the buildup of the isomer of Lu 77 which has
a half life of about 155 days. It was found that the induced activity of
this unwanted isomer was negligible, except for a small contribution to
the residual activity of the lutetium, which was corrected for by the use
of reference foils, when necessary.
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5.2.2 Counting Procedures
The detector foils were counted before each irradiation, approxi-
mately two hours after the run (or as soon as the fuel rods could be
177
handled safely) and then again about three days later. The Lu activi-
ty measured in the second count after irradiation was corrected to the
time of the first count after irradiation and subtracted from it to obtain
the Lu176m activity. Both count rates were then corrected back to the
end of the irradiation.
The counting equipment was the same as that used for Np 2 3 9
counting in C* and p2 8 experiments (1). All counts were integral with
28133 171
the base line set at 40 keV. Standards of Ba and Tm and an
irradiated lutetium reference foil were counted with each set of foils.
The Ba 1 3 3 and Tm 1 7 1 , which have gamma spectra somewhat similar
to that of lutetium, were used to check the counting equipment, and the
reference foil was used to measure and correct for the decay of the
residual activity in the detector foils.
Conventional corrections were applied for counter dead time,
natural Lu176 activity, residual activity from previous runs, room
background, decay during counting, irradiation time (nonsaturation),
foil weights, and differences in axial height.
5.2.3 Determination of Neutron Temperature
After counting corrections had been made, the count rates of the
cadmium-covered foils were subtracted from the count rates of the
corresponding bare foils. The measured subcadmium activity ratio
was then computed for each foil pair:
Lu 77 subcadmium count rate / mg
Rm Lul76m subcadmium count rate / mg
The average value of Rm for the two foil pairs was then multi-
plied by the value of f obtained in the moderator runs (see section
5.1.2); the effective neutron temperature was obtained by interpolation
from the data used to plot the graph in Fig. 5.1 by using this value of
fRm and the appropriate value of p.
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5.3 RESULTS OF THE NEUTRON TEMPERATURE RUNS
5.3.1 Moderator Runs
A value of 0.914 ± 0.012 was obtained for the normalization factor
f. The results of the moderator runs are listed in Table 5.1.
TABLE 5.1
RESULTS OF MODERATOR RUNS
Moderator Rc
Run Temperature Rm Rc f~ Rm
*C (y = 50) m
9 31.58 5.836±0.012 5.297 0.8077±0.0032
10 62.86 6.492±0.061 5.977 0.9206±0.0102
*
Average f= 0.914 ± 0.012
Includes Student's t factor.
While it is observed that the measured activity ratios exceed the
computed ratios, there is excellent agreement in f between the cold
and hot runs. As explained in section 5.1.2, f is not equal to 1.0
because it incorporates a number of correction factors not readily
amenable to theoretical prediction.
5.3.2 Results of Lattice Runs
Figure 5.2 and Table 5.2 show the results of the neutron temper-
ature measurements in the fuel. The line in Fig. 5.2 is the best straight
line fit to the data in the least squares sense, given by:
T V
n= (1.039±i0.018) + (2.80±t0.37) , (5.5)
m c
where Vf/Ve is the 'volume fraction of fuel in the lattice unit cell. Also
shown in the figure are THERMOS code predictions, to be discussed
shortly.
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FIG. 5.2 COMPARISON OF EXPERIMENTAL RESULTS WITH
THERMOS CODE
* 1.01 -IN. DIA. NATURAL U METAL FROM THERMOS
A .750 -IN. DIA. .947%
0 .387 - IN. DIA. .947%
2 3 5U METAL FROM THERMOS
2 3 5 U METAL FROM THERMOS
* .250 - IN. DIA. 1.027% 2 3 5U METAL FROM THERMOS
.250 - IN. DIA. 1.143% 2 3 5 U METAL FROM THERMOS
o .431 - IN. DIA. 1.099% 2 35 U METAL FROM THERMOS
.431 - IN. DIA. 1.099% 2 3 5 U OXIDE EXPERIMENTAL, COLD
.431 - IN. DIA. 1.099% 2 3 5 U OXIDE EXPERIMENTAL, HOT
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TABLE 5.2
RESULTS OF INTEGRAL NEUTRON TEMPERATURE MEASUREMENTS IN FUEL RODS
Lattice D 0 Measured R = Effective
Run Spacing V /V 6 Foil Activity ( Neutron T/TS* K25 Temp, Pair Ratio, R XR Temp., n/m
0 KTm m XRm *K, Tn
6 Single 0 0.0021 10.07 298.5 1,4 5.964±.061
rod 2, 3 5.947±.029
ave. 5.956 ±.016 5.444 ± .073 311.9±3.4 1.045±0.011
11 Single 0 0.0021 10.07 336.5 1,4 6.714±.084
rod 2,3 6.782±.040
ave. 6.748±.062 6.169± .099 345.0±4.6 1.025±0.014
4 2.25 0.0333 0.0297 6.47 299.0 1,4 6.305±.057
2, 3 6.902±.047
ave. 6.604±.549 6.037i.508 342.5±24.4 1.146±0.082
5 2.25 0.0333 0.0297 6.47 336.0 1,4 7.251±.071
2, 3 7.713 ±.065
ave. 7.482±.426 6.840 .400 379.9±19.2 1.131±0.057
7 1.5 0.0749 0.0660 5.27 299.2 1,4 7.257±.119
2, 3 7.631±.103
ave. 7.444±.344 6.805± .326 383.6±17.6 1.282±0.059
8 1.5 0.0749 0.0660 5.27 335.9 1, 4 7.408 ±.309
2, 3 8.468±.211
ave. 7.938±.975 7.257± .896 406.2±48.2 1.209±0.144
-.21
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5.3.3 Discussion and Error Analysis
In Table 5.2 the uncertainties assigned to the individual activity
ratios of each foil pair are those due to counting statistics only. The
uncertainty shown for each average value, on the other hand, is the
standard deviation of the mean of the two results; this includes Student's
t factor (e.g., 1.84 for two samples) which multiplies the conventional
standard deviation to account for the small number of observations.
The large uncertainty in the measured activity ratio and conse-
quently in T /T for the heated 1.5-inch lattice run may be explainedTn/Tm 133 171
in part by a gain shift in the counting equipment. The Ba and Tm
standards indicated that the counter had drifted somewhat between the
two counting periods following the irradiation. Although this was cor-
rected for by use of the reference foil, the reference foil activity for
this run was not great enough for accurate correction. In addition, for
a given error in the activity ratio, the error in neutron temperature is
considerably larger for the more tightly packed lattices (lower values
of p).
5.4 COMPARISON WITH THEORETICAL MODEL
Coveyou et al. (6) give an analytical expression for the neutron
temperature in a homogeneous absorbing medium which can be stated
in the form:
T n (kT )
= 1 + 0.9 A , (5.6)
m s
where A is the atomic weight of the important moderating atom,
za (kTm) is the macroscopic absorption cross section at the tempera-
ture of the moderator, and Zs is the macroscopic scattering cross
section. Brown (7) gives for D 2 0:
T n (kT )
_= 1 + 1.92 m
T
m s
which is approximately the same as Eq. 5.6.
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In order to extend the model of Eq. 5.6 to a heterogeneous system,
it is assumed that fa /s can be replaced by
Z -f V
a _ f
4c
f m
where ZEa is the fuel macroscopic absorption cross section, ZEs is the
moderator macroscopic scattering cross section, and /qm is the
ratio of the average thermal flux in the fuel to that in the moderator.
In addition, for present purposes, V /Vm can be approximated by
-Ef R
e a where R is the radius of the fuel rod. (This latter approxi-
mation gives results which are in good agreement with data given in
reference 8 for heavy water moderated lattices.) Then, for hetero-
geneous systems moderated by D 2 0, Eq. 5.6 becomes
f fT n 
-Z > Vf
1 + 1.8 e (5.7)
m _m c
For 0.431-inch-diameter, 1.1% enriched uranium oxide rods, Eq. 5.7
predicts:
T V
T = + 0.76 V (5.8)
m c
Note that the slope of Eq. 5.8 (0.76) is considerably less than that of
Eq. 5.5 (2.80 ± 0.37). Thus Eq. 5.8 does not properly account for
heterogeneous effects: the intercept at Vf/Vc =0 does not take into
account the single rod effect, and the slope does not agree with the
experimental slope for a heterogeneous lattice. However, the linear
relationship among the various parameters is preserved in so far as
the present experiment can determine.
Thus, the average neutron temperature in the fuel can be com-
bined into a single rod effect with a homogenized contribution from the
rest of the lattice, in a manner entirely analogous to that employed for
the parameters 628, 625' P 2 8 and C by Pilat (9). Unlike the situation
with these latter parameters, however, there does not appear to be
any simple theory which can be used to predict the value of the slope
or intercept.
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5.5 COMPARISON WITH PUBLISHED DATA
Data have been obtained by Sokolowski (10) for neutron tempera-
tures in the moderator of the reference core of the Swedish RO reactor.
The core consisted of 30.5-millimeter-diameter, natural uranium rods
moderated by heavy water. If the slope of the line in a plot of his data,
which is approximately 2.92, is normalized to 1.1% enriched, 0.431-
inch-diameter, UO 2 fuel rods by the assumptions of Eq. 5.7, the
relation becomes:
Slope for 1.1% UO = slope for natural U
Se a R) for .431-in.-dia. 1.1% UO 2
e a R) for 30.5-mm-dia. natural U
2.92 (.230)(.881)
(.369)(.569) = 2.82.
This slope is in good agreement with that of Eq. 5.5 (2.80 ± 0.37), sug-
gesting that neutron temperature in the fuel may rise at the same rate
as in the moderator for a heterogeneous system.
5.6 COMPARISON WITH THERMOS RESULTS
The THERMOS code, which solves the integral transport equation
numerically, computes the average neutron speed in the fuel below an
assigned cadmium cutoff energy. The average subcadmium speed can
be converted into an average Maxwellian speed, and consequently the
temperature of an effective Maxwellian distribution can be predicted
with the aid of the THERMOS code. Briefly, the method consists of
converting experimental values of 625 into i. Then the temperature is
obtained from NL and the average THERMOS subcadmium speed. The .i
correction is necessary because THERMOS results combine both the
Maxwellian and the 1/E tail, while we are interested only in the former.
The following expression can be derived to obtain the average
Maxwellian neutron speed, vm, from the average subcadmium neutron
speed, ~, which is given by the THERMOS code (3):
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V m 22 m Inln 2 c + m_ 2 (5.9)
where
v = neutron velocity corresponding to the cadmium cutoff energy, Ec
Values of im obtained by iterative solution of Eq. 5.9 were then con-
verted to an effective neutron temperature by the relation:
- 2
T T M T,
n 4 v 0 o
in which v is 2200 meters per second and T is 293*K.
Since the available THERMOS output statements consistently listed
the data for neutron energies up to 0.415 eV, this value was used for the
cadmium cutoff energy for the solution of Eq. 5.9. THERMOS neutron
temperature predictions were obtained in the above manner for the 1.1%
UO2 lattices and also for several metal lattices which were previously
investigated under the MIT Lattice Program. The results are compared
with the oxide core experimental results in Fig. 5.2.
The agreement between THERMOS and the experimental UO2 data
points is reasonably good. Furthermore, as expected, the higher density
metal fuel shows greater spectral hardening and a higher neutron
temperature than the more dilute oxide fuel.
5.7 SUMMARY
It has been shown that the ratio of the average neutron tempera-
ture in the fuel to the moderator temperature can be expressed as a
single rod effect plus a homogenized environmental effect. In particu-
lar, for 1.1% enriched, 0.431-inch-diameter, UO2 fuel moderated by
D 20, we have:
T n Vf
T = (1.039 ± 0.018) + (2.80 ± 0.37) .
m c
This dependence of the neutron temperature ratio on the fuel
volume fraction agrees qualitatively with experimental data and
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theoretical analyses reported by other authors for homogeneously
poisoned moderators. However, except for theoretical values obtained
with the THERMOS code, quantitative agreement is poor between ex-
perimental results and theoretical models.
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6. VOID REACTIVITY MEASUREMENTS
L. Papay
This chapter contains a short preview of the forthcoming topical
report: MIT-2344-14, MITNE-87, "Coolant-Void Reactivity Effects in
Heavy Water Moderated, Low Enrichment Uranium Rod Clusters" by
L. T. Papay, T. J. Thompson, and M. J. Driscoll. A preliminary
report of work in this area was presented in the 1966 Annual Report.
6.1 INTRODUCTION
Calandria-type thermal reactors which use a coolant distinct in
character from the moderator may have a tendency to have a positive
coolant-void reactivity coefficient (1). Several reactor accidents have
been caused or made more severe by positive coolant-void coefficients
(2). In an attempt to understand and possibly reduce the void effect, a
program of void reactivity measurements has been undertaken. The
effects of variations in fuel element diameter, fuel enrichment,
pressure tube diameter, insulating gap thickness, fuel element con-
figuration, and coolant composition are being investigated by means of
pulsed neutron techniques and buckling measurements in the Exponential
Lattice Facility and reactivity measurements in the MIT Research
Reactor.
6.2 TEST ASSEMBLIES
In choosing the important dimensions such as pressure tube
diameter, calandria tube diameter, and insulating gap thickness, a
literature search was conducted to determine the range of these
parameters that would be of practical interest. In addition, proper
cross-sectional areas of fuel, coolant, structural material, and insu-
lating gap had to be constructed by using the existing low enrichment
fuel rods available in the Lattice Project's inventory. Another
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important consideration was the maximum diameter allowable if a test
assembly were to be used in a standard fuel position in the MIT
Reactor: this diameter is 4-9/16 inches.
Table 6.1 gives the dimensions of the calandria tube assemblies
and the ratios of coolant, structural material, and insulating gap to
fuel for various assemblies used or proposed for a number of reactors
and also for fuel rod arrangements used in the present work. It can be
seen that there is good agreement in dimensions and ratios between the
MIT test assemblies and those being used elsewhere. It is also
possible to vary the insulating gap thickness by interchanging the
pressure tubes for the two MIT assemblies.
Partial voids can be introduced into a test assembly by either of
two methods: the coolant height in the assembly can be lowered to
create a "selective" void at the top of the fuel; or a "homogeneous"
void can be introduced into the assembly by bubbling a gas up through
the fuel rod cluster. The latter method has been shown to yield a good
distribution of bubbles throughout the assembly for void fractions up
to 0.20.
6.3 DATA ANALYSIS
The pulsed neutron data are reduced by the MOMENT code
developed by the author to determine the fundamental-mode decay
constant. This code provides a means of obtaining the fundamental-
mode decay constant from multichannel time analyzer output in which
the early data channels, which contain higher harmonic modes, are
not weighted as strongly as the later data channels. The use of the
moments method assumes that the count rate data can be represented
by the sum of an exponential term, ae -Xt, and a background term, b:
M(t) = ae- t + b, (6.1)
where X is the fundamental mode decay constant.
With Eq. 6.1, the nth moment is given by
M = t M(t)-b tn dt . (6.2)
n 0 a
CTable 6.1. Comparative HWOCR Fuel Assembly Parameters
Pressure Cross Sectional Ratios
Fuel Rod Lattice Calandria Tube
Experiment Rods Spacing Spacing OD/ID OD/ID Structure Void Coolant
(Inches) (Inches) (Inches) (Inches) Fuel Fuel Fuel
(1) Whiteshell U0 2
WR-1 (18) 3.79/3.69 3.33/3.25 0.298 0.461 0.887
(2) CEND U0 2
Design Study (37) 0.513 9.75 4.038/3.966 3.766/3.642 0.179 0.174 0.514
(3) DOR Design U0 2(19) 4.57/4.33 3.94/3.57 0.710 0.485 0.881
(4) Savannah U0 2
River (19) 0.598 2.679 (Hex Geometry) 0.0806 0.767
(19) 0.607 3.086 0.0827 1.050
(31) 0.607 4.00 0.055 1.141
(5) P awling UC
Test Rig (7) 0.58 7.5 1.615 Hex 0.164 0.437
(19) 0.58 8.46 2.619 Hex 0.0935 0.385
(19) 0.648 10.46 2.995 Hex 0.1096 0.197
(31) 0.648 10.46 4.096 Dia. 0.672 1.670
U02
(0.5" Dia.) 6.50 f 0 312 0.235 0.592(6) Assembly (19) 0.550 9.75 3.188/3.068 2.880/2.750 L 0.398 0.300 1.028I U 12.00
(0.443" Dia.)
(19)
U0 2
(0.5" Dia.) 6.50 f0.313 .342 0.895
(7) Assembly (19) 0.615 9.7 3.480/3.370 3.120/3.000 L0399 0.435 1.414II (U 12.00
(0.443" Dia.)
(19)
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In this way, the fundamental-mode decay constant can be calculated
using the zeroth, first, and second moments, and is given by
2M - tM 0
X = tM 1 (6.3)
M 2 -tM,
where M , M , and M2 are the zeroth, first, and second moments,
respectively.
6.4 PRESENT WORK
So far, experiments have only been completed in the lattice
facility using heavy water as the coolant. Additional experiments in
the lattice are planned with light water and organic coolants. All
three coolants will be used in the experiments to be done in the MIT
Reactor. All work continuing past the termination of Contract
AT(30-1)2344 is being supported by M.I.T. funds.
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7. UNIT CELL SIMULATION
A. Wight, E. Chase, M. Driscoll
Mathematical models based on the unit-cell concept are well
established in heterogeneous lattice analysis (1). Experimental simu-
lation of a unit cell, however, has been confined to the obvious direct
approach in which a central cell is surrounded by a large number of
identical cells. It is clear that a simpler experimental cell simulation
technique would be quite useful. The specific motivation for the present
investigation was provided by the fact that the parameters C , p 2 8 , 625
and 628 all vary linearly with the volume fraction of fuel. Single rod
measurements provide one point, the ordinate intercept. Therefore, if
only one more data point on this line could be measured, the lattice
characteristics would be uniquely determined. The unit cell simulator
was developed to provide this additional data point without having to
construct an entire lattice.
7.1 BASIS OF METHOD
In an age-diffusion model of a unit-cell, one typically assumes a
spatially constant slowing-down density within the unit cell, together
with a zero-gradient condition for the thermal flux at the cell boundary.
This suggested one method for construction of a physical analog: a
cylindrical shell fast source, immersed in moderator, surrounding a
test fuel rod. Examination of the cylindrical-shell age kernel indicated
that a region of uniform epithermal flux should be formed inside a
0.5-ft to 1.0-ft-diameter shell source of fast neutrons in D 20. After a
test rod is inserted into this region, the effective unit-cell size can be
determined experimentally by locating the radial position of the thermal
flux peak between the test rod and source shell. From a neutronic
standpoint, the region inside this zero gradient position is equivalent to
an age-diffusion unit cell.
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7.2 EXPERIMENTAL APPARATUS
The experimental device constructed (2, 3) to evaluate the above
idea is shown in Fig. 7.1. It consists of a ring of 0.5-inch-O.D., 2%
enriched UO2 fuel rods which act as a fission neutron source when
immersed in the D 2 0 of the exponential facility tank and irradiated
with thermal neutrons. The fuel rod to be tested is fitted with radial
foil holders and placed in the center of the source ring. The entire
apparatus is placed in an aluminum tube whose sole purpose is to pro-
vide structural support. Removable grid plates allow one to vary the
radius of the source curtain.
7.3 RESULTS OF EXPERIMENTS
Three different fuel rods were tested in the simulator: 1.01-inch-
diameter natural uranium metal, and 0.387-inch and 0.750-inch-
diameter 0.947% enriched uranium metal. Complete lattices and single
rods using each of these fuel types had already been studied at M. I. T.
For each rod two types of measurements were made. First, the
parameters C , p 2 8 , 625, and 628 were measured using standard tech-
niques developed for lattices and single rod investigations (4). In
addition, gold foils were used to measure a radial activation traverse
around the test rod. The activities were curve-fit by the least squares
technique to the following expression:
GOLD ACTIVITY = A + Al/r + A r (7.1)
Equation 7.1 was then differentiated and set equal to zero to locate the
zero gradient point and thereby determine the unit-cell size.
Figure 7.2 shows a typical radial flux traverse. Figure 7.3 shows an
epithermal traverse performed to test the assumption of constant epi-
thermal slowing-down density.
In order to compare the simulator results to lattice data, a cor-
rection is required to account for differences in leakage. In a finite
lattice, the geometric and neutronic unit-cell sizes are not really the
same: the flux peaks inside the geometric boundary because of radial
leakage. Conventionally, however, one attributes all data to a unit cell
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having the geometric size. On the other hand, in the case of the simu-
lator, the true neutronic boundary is used. Figure 7.4 illustrates this
difference between geometric and neutronic cells. It is possible to
develop a relation between predicted lattice and actual simulator results
with the aid of age-diffusion theory.
In the simulator, one measures the neutronic cell radius in a
region where the axial flux is an exponential characterized by the axial
buckling -2. In a lattice having the same axial buckling, the radial
s 2 2 2
buckling would have to be a = Bm + -ys Thus, the geometric cell size
must be sufficiently greater than the neutronic cell size to accommodate
radial leakage characterized by the "leakage cross section" Da 2 .
V C Z + Da 2  2'22
a = 1 + L (B2 2 . (7.2)
V -m s
c,n
Equation 7.2 allows calculation of the volume fraction of fuel for
a hypothetical lattice from the measured simulator value:
V f) Vf 1(7.3)VVf
(c Lat = c Sim 1 + L(2 (B 2+ )(
where
72 = axial buckling measured along rod in simulator (obtained
s
from foil packets used in p 2 8 measurements),
L = diffusion length for simulator cell, estimated using
THERMOS code,
B2 = material buckling for unit cell; can be estimated by using
m
correlations developed by Seth (see chapter 3 of this report)
with sufficient accuracy for present purposes.
The cell size ratio of Eq. 7.2 agrees with Suich's algorithm,
according to which the cell volume is proportional to absorption in
mixed lattices (5). Here it is applied to two concentric cells.
Table 7.1 lists the results obtained with the aid of the unit cell simu-
lator. Figures 7.5 through 7.7 show comparison of exponential lattices
and simulator data for the parameters P28, 625 and C . As can be
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CTABLE 7.1
RESULTS OF UNIT CELL SIMULATOR MEASUREMENTS
TEST ROD PARAMETER VALUE CORRECTED
Diameter % U 2 3 5  p2 8  625 C, (V) (V)f
(Inches) 2Vc/Sim c/Lat
0.387 0.947 0.759 0.0479 0.796 0.0396 0.033
± 0.027 ± 0.0038 ± 0.064 ± 0.0020 ± 0.002
0.387a 0.947 0.722 0.0429 0.830 0.0467 0.040
± 0.069 ± 0.0017 ± 0.040 ± 0.0035 ± 0.004
0.750 0.947 0.827 0.0653 0.872 0.0644 0.055
± 0.010 ± 0.0010 ± 0.058 ± 0.0049 ± 0.005
1.01 0.71 0.951 0.0732 0.236 0.0966 0.090
± 0.069 ± 0.0009 ± 0.009 ± 0.0050 ± 0.005
a 2. 4 0 -inch source curtain radius, all others 3.18 inches.
Co
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seen, the agreement is, in general, good. The simulator results
generally lie within ± - of the linear correlation through the lattice
results.
The unit cell simulator does not provide a good mock-up of the
first-flight fast neutron environment in a lattice. Therefore, it is not
possible to use the simulator to predict 628. Values of 628 measured
in the simulator were generally larger than the corresponding lattice
values. While it might be possible to develop correction factors to
account for this difference, more direct methods for estimating
lattice 628's appear more promising (see chapter 9 of this report).
7.4 CONCLUSIONS
Based on the results of the experiments reported above, the unit
cell simulator appears to be a useful tool for single rod physics
research. The major need for improvement is in the correction of cell
size from neutronic to geometric, where a more sophisticated analysis
would appear worthwhile.
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8. MEASUREMENT OF HETEROGENEOUS PARAMETERS
R. Donovan and M. J. Driscoll
8.1 INTRODUCTION
Since heterogeneous reactor theory provides an adequate
description of the lattices studied in the MIT program, and of many
other thermal reactor lattices as well, an effort has been made to
develop methods for the experimental determination of heterogeneous
parameters. The work to be discussed in this chapter was concerned
with the determination of the fuel rod characterization constants r, a
and A, defined as follows:
r = thermal constant = asymptotic flux at rod surface per
neutron absorbed by rod;
a = neutron yield = fast neutrons emitted per thermal neutron
absorbed;
A = epithermal absorption parameter = epithermal absorptions
per unit slowing-down density.
Knowledge of these three parameters is equivalent to knowledge
of the four parameters in the conventional four-factor formula for k,..
In a slightly simplified form, one has:
S1V
k c (8.1)
oo 1+TrV Za'
m m
where
Vm = moderator volume per unit length in unit cell, cross
sectional area occupied by moderator;
Ea m = mean cross section for neutron absorption by moderator;
V = cross sectional area of total unit cell.
c
These same three parameters are required as input to hetero-
geneous theory computer programs such as HERESY (1).
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8.2 THE THERMAL CONSTANT r
This constant has been defined in various ways by different
workers. We use the convention introduced by Klahr and used in the
HERESY code. The asymptotic flux far from the rod is extrapolated
back to the rod surface, and r is then defined as the ratio of this flux
to the thermal neutron absorption. Pilat (2) defines F slightly differ-
ently by using the flux extrapolated to the center of the fuel. Klahr's
r k and Pilat's F9 are related by the simple expression (3):
.r - 1(82
p k 2 D, (8.2)
where D is the moderator diffusion coefficient.
It is convenient to define F in terms of the asymptotic flux because
one can then use simple diffusion kernels to describe the thermal flux in
the moderator instead of the more complicated transport kernel. One
can also relate r to the more familiar linear extrapolation distance into
the fuel element:
F = 3 d (8.3)
-27rR (8.3)
Pilat has described a method for the determination of F that is
based on the use of a radial flux traverse about a single fuel element
immersed in an exponential tank of moderator. A more convenient way
to make this determination has been developed, based on a different
way of interpreting the same single rod experiment. Theoretical ana-
lysis of the radial flux profile about the test rod has shown that the
distance to the thermal flux peak in the moderator uniquely determines
r for a given fuel rod. If X is the radial distance to the peak, a the
radial buckling in the unperturbed condition, and R the fuel rod diame-
ter, then:
1 Y 1 (aX)~
r = 2 rD Ln (aR) - .1  (8.4)
The relationship described by Eq. 8.4 is plotted in Fig. 8.1.
While the basic idea is quite simple, two additional steps must
be taken to achieve the best possible precision. First, the distance to
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the flux peak is best determined by means of a least-squares fit of the
radial traverse data to the expression:
< (R) = C 1 + C2 r2 + C3 ln (r), (8.5)
followed by differentiation, which gives
-C 2
X= 2C3 . (8.6)
Second, while the flux peak is located in the region where asymptotic
(diffusion) theory dominates, there may be a small perturbation in the
location of the peak owing to transient transport effects. The following
approximate expression has been derived to estimate the shift:
(ax )2 _ (aX) 2  ( ]X (
c 2 r 6D - 1 + . (8.7)
(aX) 2  2-- LX6D]I
Equation 8.7 can be used to obtain a corrected distance, Xc, from
the experimental value of X if, as is almost always the case, the cor-
rection is small. When the correction is large, it is best interpreted
as a qualitative indication that the experiment is of dubious validity and
the test rod is too weakly absorbing to be characterized by an experi-
ment of this type.
The parameter r is closely related to the thermal utilization, f;
the following expression can be derived (3):
1 = 1 + r a V [1 - (1 - 4 ln )] { 1 - ra V}~, (8.8)f m m 87rrD X _c c
where Zac and V c are the clad cross section and cross sectional area,
respectively. To a very good approximation, this equation reduces to
the expression used in Eq. 8.1:
f = 1 (8.9)
m m
Hence, the experimental determination of r may be regarded as an
experimental determination of f.
Table 8.1 lists experimental values of r measured for several of
the MIT Lattice Project fuel rods by means of the method just described.
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Table 8.1
Results of r Determinations
Fuel Rod This Work Pilat(a)
Diameter o U 2 3 5  
_
1  1' -(Inches) c m r cm
1.01 Natural 1.34 ± 0.02 1.43 ± 0.12
0.750 0.947 1.90 ± 0.13 2.03 ± 0.04
0.387 0.947 6.60 i 0.47
0.431 1.099 5.39 i 0.13
0.431 1.989 4.45 i 0.28
0.500 Cadmium(b) 0.898 ± 0.078(c)
(a) Corrected using Eq. 8.2.
(b) A solid rod of cadmium metal was used in this experiment to test a
limiting case.
(c) The theoretical value for a black rod obtained from Eq. 8.3, and
d/X = 1.15, is 0.87 cm- 1 .
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8.3 THE NEUTRON YIELD
This parameter can be determined from the integral parameters
P28, 628' 625' C* measured in either single rod experiments or in
lattices. In Table 8.2, expressions relating three different definitions
of ri to these parameters are presented. Table 8.3 shows values of al
calculated from these formulae and the single rod data reported by
Seth (Part II, Chapter 3 of this report). The experimental results are
in good agreement with the theoretical results calculated with the
THERMQS code, which are also listed in Table 8.3.
8.4 THE EPITHERMAL PARAMETER A
The fuel rod parameter A is related to the resonance escape
probability, p, as follows (1, 3):
A = (1-p)Vc . (8.10)
From this expression and the definition of p, one can derive another
relation under the assumption that most epithermal absorption is in
U238
N ERI28 V
A = (8.11)
28 (E '
288
= NV ) p2 a 
25
A 28 (N (25) - RI 25 (8.12)28 S 25 f 2th
where
RI25 = infinite dilution resonance integral for U235.
ERI ='effective resonance integral for fuel rod
(i.e., predominately U 238);
(E s= slowing-down power of moderator ~ 0.18 cm ;
S
N, V, = atomic concentration and cross sectional area of fuel.
Other relations can also be derived:
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Table 8.2
FORMULAE FOR rj
Neutrons due to thermal U235 fission
I. 'Thermal neutrons absorbed in fuel
V 25
C 1 + p 5 + (1+a25
I 28) 2
, Neutrons due to all U 2 3 5 fissions
II ' Thermal neutrons absorbed in fuel
= r'(1+625
v 2 5 (1+6 2 5)
c*( 1+625)C 1 + p 2 + (1+ae25)
*1+P28)
_ Total fast neutrons
' "Thermal neutrons absorbed in fuel
v(2 8 - 1 - )28 6 28
25
[ v25 + (v 2 8 -1-a 2 8 )6 2 8 ][ 1+ 6 25]
C (1 + 625
C 1 + P + (1+a25)
In the above expressions,
v 25 = average number of neutrons per thermal fission of U235 2.43
v28 = average number of neutrons per fast fission of U238 = 2.83
a2 5 = thermal capture-to-fission ratio for U
2 3 5 
= 0.183
a 2 8 = fast capture-to-fission ratio for U238 (averaged over fission
spectrum) = 0.39
CTable 8.3
VALUES OF rl DETERMINED FROM SINGLE ROD DATA
Fuel Rod EXPERIMENTAL THERMQS
Diameter / U235 ,, ?,
(Inches)
1.01 Natural 1.31 ± 0.01 1.32 ± 0.01 1.37 ± 0.01 1.316
0.750 0.947 1.44 ± 0.09 1.45 ± 0.09 1.49 ± 0.09 1.449
0.387 0.947 1.44 ± 0.04 1.45 ± 0.04 1.47 ± 0.04 1.460
0.431 1.099 1.51 ± 0.05 1.51 ± 0.05 1.53 ± 0.05 1.510
0.431 1.989 1.71 ± 0.09 1.72 ± 0.09 1.74 ± 0.09
NOTE: 1. All errors shown reflect only the experimental errors in 625, 628' P2 8 '
*
errors in v 2 5 , etc. are not included.
2. THERMOS values shown are for the limiting case of a wide lattice spacing.
c.
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For a uniform lattice,
(8.13)A =28
+* 25
+ 28
where
Vc = cross sectional area of unit cell;
and, for a single rod,
A 2 p2 8 (S R) - 4 7rr 2 8 V f
28 
- 1 + 625(SR)
+(1+a25) 1 + P28 (SR)
(8.14)
Table 8.4 compares values of A28 calculated from Eqs. 8.11 and
8.13. Hellstrand's ERI correlation (4) was used with Eq. 8.11, and
integral parameter data measured at M.I.T. was inserted into Eq. 8.13.
The two sets of results are in fairly good agreement. Results obtained
from Eq. 8.12 or Eq. 8.14, on the other hand, have a larger uncertainty,
the former due to the inherently lower accuracy of 625 measurements
and the latter due to the poorer statistical precision of single rod
measurements.
Values of the
Table 8.4
Epithermal Parameter A
Fuel Rod (1) (2)
Diameter U235 A cm 2  A cm2
(Inches) 28 28
1.01 Natural 16.8 ± 0.9 15.3 ± 1.0
0.75 0.947 10.2 ± 0.5 9.1 ± 0.8
0.387 0.947 3.42 ± 0.1 3.0.2 ± 0.5
0.431 1.099 2.5 ± 0.1 2.00 ± 0.6
0.431 1.989 2.5 ± 0.1 2.85 ± 0.6
(1) From Eq. 8.11 and Hellstrand's ERI 2 8 values (ref. 4).
(2) From Eq. 8.13 using experimental M.I.T. lattice data.
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8.5 CONCLUSIONS
The objective of the work summarized in the preceding para-
graphs was to determine the feasibility of measuring the heterogeneous
theory parameters r, rj, and A with the main emphasis on single rod
determinations.
A sufficient degree of success has been achieved in the case of F
and ri to substantiate the conclusion that this can be done. The major
improvement required is increased precision, which can be achieved in
large part by increasing the number of experimental repetitions
involved. In the case of the epithermal parameter A, single rod data
must be improved substantially if acceptable results are to be obtained.
At present, calculation seems preferable to measurement where the
ERI is sufficiently well known for the fuel under consideration, and if
experimental determination is necessary, then measurements in full
lattices are preferable to those in single rods.
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9. FUEL ROD INTERACTION KERNELS
M. J. Higgins and M. J. Driscoll
9.1 INTRODUCTION
Pilat (1) and others have noted that the fuel rod integral parame-
ters p 2 8 , 628, 625 C (discussed in some detail in Chapter 3) can be
conveniently described through the use of kernels. The purpose of the
work reported in this chapter was to evaluate this concept further;
specifically, to demonstrate the feasibility of measuring kernel parame-
ters by using a small number of fuel rods and then summing the kernels
to obtain the parameter values for complete lattices.
*
Since C can be obtained from p 2 8 and 625, independent kernel
formulations need only be developed for 628' P 2 8 and 6 25'
9.2 KERNEL FORMULATION
The parameter 628 is the ratio of U238 to U235 fissions.
Woodruff has shown that the first flight kernel provides an adequate
description of the spatial variation of 6 28; he also programmed a code,
UNCOL, to evaluate the kernel (2). In the present work a simpler
formulation was employed. Since fast neutron mean free paths are
long (X ~10 cm), it is possible to start with the transparent-medium
approximation and express the attenuation of the flux by means of an
exponential function with an argument proportional to the mean chord
length traveled (3). For a line source then,
7r r
<(r) - i e .2 (9.1)
Equation 9.1 leads to the following inter-rod interaction kernel:
628' ij = 628'0 e r (9.2)
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where the normalization constant 628, o can be evaluated in terms of
the single rod 628 effect, 628, ii, and the rod radius, a:
6 28'0 ("a) 28,i. (9.3)
Figure 9.1 shows a comparison of the more exact Woodruff results and
the approximate kernel of Eq. 9.1. The agreement is adequate for
present purposes.
The parameter p 2 8 is the ratio of epithermal to thermal U
2 3 8
captures, and 625 is the ratio of epithermal to thermal U 2 3 5 fissions.
The conventional age kernel for a line source was used to describe
both:
8 0 e r2 /4r2 (9.4)28
r2 25
6 2 5 ,ij= 625'0 e 4r 2 5  (9.5)
253
in which 28 and r25 are effective ages to resonance capture by U 2 3 8
and U 235, respectively, and where the normalization constants p2 8 ' o
and p2 5 , o can also be defined in terms of the single rod effects
p2 8, ii and 6 25':
p28, o = 47r'r28 P 28, i (9.6)
6 2 'o = 4rr 2 56 2 'ii (9.7)625' o=4r25 - 25''7
The remaining work was designed first to demonstrate ways to
measure the kernel constants X, 628, Ol r 2 8 , P 2 8 ' 0' I 2 5 , 625, o and
then to use the results to build up full lattice data by superposition.
9.3 MEASUREMENT OF KERNEL CONSTANTS
It was shown in section 9.2 that the normalization constants 628'0'
P2 8,, 6 25,0 could all be related to single rod effects; hence the single
rod methods of Seth and others can be used to measure these three
parameters (4). In addition, Woodruff (2), Pilat (1), and Sefchovich (5)
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have demonstrated how to measure the first flight mean free path X and
the effective ages 'r2 8 and 725 by making foil traverses about single fuel
rods. Thus, it was possible to make use of a great deal of already
available experimental data and experimental precedent.
In addition, new experiments were also performed. These con-
sisted, for the most part, of parameter measurements in hexagonal,
seven-rod clusters. The parameters p 2 8 , 625, and 628 were measured
in the central rod and the normalization constants determined from
kernel summations of the form:
-r2/A 
- 28
p 2 8 : 28,ii + 6 e 7rr 2 P28'" S6 
(9.8)4' 2 8  ~ 2 ,
where is the ratio of rod power between the central rod and an outerS6
rod in the seven-rod cluster, measured with monitor foils.
The results of the new experiments and the reinterpretation of
previous results are summarized in Table 9.1 for two sets of lattice
fuel.
Several comments are called for in explanation of this table. The
effective ages to U238 and U235 resonance capture, 'r2 8 and -25'
respectively, were measured by means of foil traverses about single
fuel rods in a manner similar to that employed by Pilat and Sefchovich.
The results obtained here are somewhat lower than those obtained by
these earlier workers. The normalization constant results obtained
with the seven-rod cluster method agree with the single rod results to
within the precision of both sets of results. Since most of the data
represent the average of only two to five repetitions, some improve-
ment in precision could be achieved merely by increasing the number
of repetitions.
Finally, the results listed in Table 9.1 have been corrected to
account for the fact that the measurements were made in a steep axial
flux gradient. All results in this chapter refer to the infinite medium,
flat flux case. Table 9.2 lists the correction factors required to go
from gradient to zero gradient cases and from finite to infinite lattices
derived on the basis of age-diffusion and two-group theory. One
important result worth calling attention to is that finite lattice values
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Table 9.1
KERNEL CONSTANTS
1. 0.387-inch-diameter, 0.947% enriched metal fuel
(a) 7-rod cluster data
P28,o = 15.5 ± 1.4 cm2
6 25o = 1.66 ± 0.46 cm 2
628,0 = 0.0097 ± 0.0020 cm
(b) Single rod data
p 2 8 ,o = 18.4 ± 2.0 
cm2
6 25o = 2.25 ± 1.63 cm2
6 28o = 0.0067 ± 0.0005 cm
2. 0.431-inch-diameter, 1.099% enriched oxide fuel
(a) 7-rod cluster data
p28,o = 12.65 ± 0.86 cm2
625,0 = 1.01 ± 0.44 cm 2
628,0 = 0.0052 ± 0.0015 cm
(b) Single rod data
P28,o = 12.16 ± 1.71 cm2
6 25o = 1.25 ± 1.25 cm2
628, c = 0.0037 ± 0.0003 cm
3. Characteristic lengths
X = 11.36 cm (Ref. 2)
S28 = 50.4 ± 3.0 cm2 (Ref. 3)
T 25 = 85.2 ± 5.0 cm2 (Ref. 3)
LEAKAGE
Table 9.2
CORRECTIONS TO PARAMETER DATA
1. Single rod and small clusters in exponential gradient
e
e
P28 Y
P2 8 ' 0
625- "
6250
628
28 00 e
2
-Y 2
28
-Y225
22
2 2 /3
where flux gradient is given by e-yz
2. Finite and infinite lattices
1
1+ 728 B2
1
1 + r25 B
1 2 2
3
where B2 = lattice buckling .
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f
62 f625'
6 2 '00
6 2,f
628'
628,0
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are predicted to be smaller than infinite lattice values. The correction
factors agree in this respect with those derived by Sefchovich (5), and
it was shown that contradictory results obtained by others are due to
the fact that time dependence must be considered: if the critical system
is static, the infinite system must be on a positive period. A simple but
interesting experiment was performed as a qualitative check on the
approach used to formulate gradient corrections. The ratio of epi-
thermal to thermal absorptions in gold, p (Au), was measured on the
surface of a one-inch-diameter, natural uranium fuel rod suspended
first vertically, then horizontally in an exponential tank of pure moder-
ator. The predicted ratio of vertical to horizontal results is:
2 2
R = p vertical _e > 1.0 (9.9)p horizontal I (2a2w)
where
a2 = radial buckling, characteristic of J0(ar) flux shape,
-2 = axial buckling, characteristic of e- flux shape.
The measured value of R was 1.31 ± 0.03, which verifies that the cor-
rection is indeed in the right direction. It may, in fact, be possible,
after further development, to use methods based on Eq. 9.9 for
measurement of effective age values.
9.4 SUMMATION OF KERNELS
The next step is to sum the measured kernels over a full size
lattice. In general, this would best be done with the aid of a computer
code. However, for uniform lattices such as those studied at M.I.T.,
analytic summation is possible. Kernel summation is most conveni-
ently done by using one of two standard series summation methods:
the Euler-Maclaurin sum formula which relates a sum to the integral
of a function and the Poisson sum formula which relates a sum to the
sum of the Fourier-transformed function (6). Table 9.3 shows the
results of applying these methods to the kernels in question. The
results are of interest for several reasons. First, the expressions
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Table 9.3
KERNEL SUMS OVER INFINITE LATTICES
Parameter Formula
4V
= p 2 8 ,ii + p 2 8 'o I 2L7rd
ii+6 4V
25' 2 5' I 2L rd
6 2 0 8 o 6 2 ii+ 6 16X2
28, 628, +28' 2L r
47r 7 '
4rd
V 4V + 7r ~2Xh'.V
+ d + - le
where
V = volume fraction fuel in unit cell,
P28,ii= single rod parameter,
p28,o= normalization constant (see Eqs. 9,3, 9.6,9.7 in Table 9.1),
d = fuel rod diameter,
X = first flight removal free path in moderator,
r = effective age to resonance capture.
6 25,oo
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for p 2 8 and 625 were obtained independently by summing over both tri-
angular and square arrays. Identical expressions resulted in terms of
the volume fraction of fuel; and further, the variation of p 2 8 and 625 is
a linear function of the volume fraction of fuel. The expression for 628'
on the other hand, represents the limiting case obtained by bracketing
the true sum: the results obtained for triangular, as compared with
square, arrays differed by terms involving < 1% in the range of interest;
hence, only one relation is shown. Again, while it is not immediately
evident from the formula shown for 628, plotting the results for cases
of interest showed that 628 also varies linearly with volume fraction of
fuel.
The above analytic results are important to the M. I. T. Lattice
Project program because they support the applicability of experiments
done exclusively on lattices having triangular spacing to other arrange-
ments such as square and open hexagonal spacing, and because they
confirm the linear correlations observed. Note that Table 9.3 refers
to infinite lattices and that the expressions of Table 9.2 are required
for correction of results to finite systems. In general, the latter cor-
rections are sufficiently small so that it makes little practical differ-
ence whether one applies the linear correlation to actual lattice data or
to infinite medium data.
9.5 COMPARISONS WITH EXPERIMENT AND CONCLUSIONS
The final task is to compare data measured in large exponential
lattices with the predicted values obtained by summing the measured
kernels. Table 9.4 shows the results obtained. As can be seen, the
results in general agree within the experimental uncertainty. The
major need for future effort lies in the reduction of the experimental
error in the single- and few-rod work. Table 9.4 also shows the
results of measurements in large square and triangular lattices with
different spacings but with the same volume fraction of fuel. The pre-
diction that the two types of lattices should exhibit the same integral
parameter values is supported by the experimental data.
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Table 9.4
COMPARISON OF LATTICE AND KERNEL RESULTS
(1.5-Inch Triangular Spacing)
Metal fuel, 0.387-inch-diameter, 0.947% enriched
Predicted Lattice
p 2 8  1.198 ± 0.143 1.160 ± 0.001
625 0.123 ± 0.034 0.0867 ± 0.0016
628 0.0451 ± 0.0048 0.0459 ± 0.0013
C* 0.991 ± 0.072 1.007 ± 0.008
Oxide fuel, 0.431-inch-diameter, 1.099% enriched
Predicted Lattice
p 2 8  0.961 ± 0.064 0.9456 ± 0.0072
625 0.074 ± 0.032 0.0660 ± 0.0013
628 0.0239 ± 0.0038 0.0271 ± 0.0005
C* 0.784 ± 0.151 0.7839 ± 0.0032
COMPARISON OF SQUARE AND TRIANGULAR LATTICES
(0.431-inch-diameter, 1.099% enriched oxide fuel)
Square (3.25 in.)
0.1991 ± 0.0003
0.0138 i 0.0003
0.0166 ± 0.0002
0.5080 ± 0.0011
Triangular (3.5 in.)
0. 2030 ± 0.0030
0.0126 ± 0.0002
0.0165 ± 0.0002
0.5102 ± 0.0013
Predicted values based on seven-rod cluster experiments.
625
628
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10. MEASUREMENT OF 628 BASED ON GAMMA SPECTROMETRY
R. R. Sonstelie and N. C. Rasmussen
1. INTRODUCTION
Additional work has been done to evaluate the new method for
determination of 628 suggested by Harper and Rasmussen in the 1966
Lattice Project Annual Report (1). This proposed method is based upon
the fact that certain fission products have significantly different yields
for U235 and U238 fission. High resolution Ge(Li) gamma spectrometry
should permit one to measure the relative amounts of these fission
products in a test foil irradiated inside a fuel rod, from which 628
could then be determined with the aid of the following relationship (1, 2):
Y1 R25 R 1 -Ef E (01
28 Y 2 R - R 2 8  Ef 1 - E , (10.1)
where
628 = ratio of U238 to U235 fissions in fuel rod,
Y , Y2 = yield of two different fission products for U235 fission,
R25 = ratio of measured photopeak areas (nuclide 2 + nuclide 1)
25 235
for a U standard foil used to calibrate the counting
system,
R28 = same as R 25 but with a U238 standard foil,
R = same as above, but measured for test foil irradiated in fuel
rod; test foil is 170 ppm enriched so that U235 + U238 will
contribute roughly equal numbers of fissions,
Ef = enrichment of fuel rod,
E = enrichment of test foil (i.e., 170 ppm).
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2. DEVELOPMENT OF PROCEDURE
Implementation of the subject method required that fission
product pairs be identified, at least one of which has different U2 3 5
and U238 fission yields, and all of which are produced in accurately
measurable amounts during reasonably short irradiations. After con-
siderable investigation, the five nuclides listed in Table 10.1 were
selected; of these, the best combination recommended for future work
91m- 106isY -Rh
The Ge(Li) spectrometer used in the present work has a 33-cc
detector operated in the Compton suppression mode. The spectrometer
design, operating procedure, and data analysis techniques have already
been described in detail (3, 1, 4). In the present work, the following
well-defined fission product gamma peaks were used to energy-
calibrate the spectrometer:
Xe135m (535 keV), Xe135 (250 keV), I135 (1275 keV),
and Nb 9 7 m (751 keV).
As a test of the new method, it was decided to repeat some of the
unmoderated 628 measurements performed in 1965 by Papay, who used
the conventional two-foil method for 628 (5). Accordingly, 170-ppm-
enriched, 5-mil-thick uranium foils, covered with 1-mil aluminum
catchers were inserted into several test rods and irradiated in the
MITR hohlraum. Following irradiation, the decay gamma spectra of
the foils were measured with the Ge(Li) spectrometer (3), and the back-
ground corrected peak areas were determined with the aid of the avail-
able computer code (4). The results, after time corrections were made
for decay, were inserted into Eq. 10.1 and the results shown in
Table 10.2 were obtained. For the test foils, irradiation times varied
from 4 to 24 hours; the decay period prior to counting was 5 to 30 hours,
and the counting spanned 0.5 to 3.5 hours. Highly depleted (18 ppm U 235
and enriched (93% U 235) uranium were also irradiated and used to
obtain the spectrometer calibration factors R 2 8 and R 2 5 '
Table 10.1
CHARACTERISTICS OF MAJOR GAMMA PEAKS ANALYZED
Nuclide "Effective" Half Life Gamma Peak Energy Intensity Y 2 5  28(keV) M%
Y91m 9.7-h (50m)(a) 558 100 2.4 1.8
Nb 9 7 m 17-H (60-s) 748 100 5.9 5.6
Rh 106  1 yr (29-s) 513 20 .38 2.7
1132 78 Hr (2.3-hr) 778 80 4.4 4.4
Ce 1 4 3 33-h 294 93 6.0 4.6
(a) Short-lived nuclides (half lives in parentheses) decay
precursor.
with an effective half life equal to that of their
CTable 10.2
EXPERIMENTAL VALUES OBTAINED FOR 6 28
Fuel Fuel 628 Previous 628
Diameter Enrichment Nuclides Used (Mean of Five Values) Measurement (a)
(Inches) (%)
0.387 0.947 Y91m Nb97m Rh106 1132 .0363 ± .03 11(b) .020 ± .001
0.750 0.947 Y91m Nb97m Rh 1 0 6  .0423 ± .0328 .0390 ± .0010
1.01 0.711 Y91m 1132, Ce143 .0504 ± .0224 .0521 ± .0015
(a) Reference 5.
(b) All errors shown are S. D. M.
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3. DISCUSSION OF RESULTS
While the new and the earlier 628 results agree within the experi-
mental error, the uncertainties in the new method are above acceptable
limits. The source of this error has been traced to uncertainties in
separation of photopeak from Compton background areas. Two avenues
can be followed to achieve significant improvement. One is to optimize
decay time prior to counting to maximize the photopeak-to-background
ratio for the important nuclides: this would appear to be one to two days
for the Rh106_y91m combination. Second, better analytical and numeri-
cal methods must be developed to effect the split between peak and con-
tinuum spectra. Since purely statistical errors are less than ± 1%,
there is every expectation that additional work could reduce the net
error to acceptable levels; in such case, the many desirable features
of the method would make it a highly attractive addition to experimental
reactor physics techniques.
A side result of the present work which should prove useful is that
sufficient Np239 decay gammas were identified in the foil spectra to sug-
gest that Ge(Li) spectrometry can be also used to measure C*, the ratio
of U238 captures to U235 fissions.
In conclusion, a definitive assessment of the value of Ge(Li)
spectrometry in experimental reactor physics awaits the perfection of
data analysis techniques. Work on this aspect of the problem is con-
tinuing at M. I. T. under other auspices.
4. REFERENCES
(1) "Heavy Water Lattice Project Annual Report," MIT-2344-9,
MITNE-79, September 30, 1966.
(2) Sonstelie, R. R., "Development of a New Method for Measurement
of the Fast Fission Effect Using Ge(Li) Gamma-Ray Spectrometry,
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Capture Gamma Rays Using a Lithium Drifted Germanium
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(4) Inouye, T. and N. C. Rasmussen, "A Computer Method for the
Analysis of Complex Gamma-Ray Spectra," Trans. Am. Nuc. Soc.,
Vol. 10, No. 1, June 1967.
(5) Papay, L., "Fast Neutron Fission Effect for Single, Slightly
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11. D 20 ANALYSIS
R. J. Hlista
11.1 DISCUSSION
An inexpensive (less than $100) infrared D 20 analyzer was
assembled to permit determination of the H20 concentration in lattice
moderator (1). Figure 11.1 shows a schematic diagram of the appa-
ratus, and Fig. 11.2 shows the bridge circuit employed. Since the
sample holder was the only major item which was not an off-the-shelf
component, it is the only one which need be described in more detail.
Figure 11.3 shows the sample holder. It consists of two quartz
windows separated by a thin, annular polyethylene gasket. The quartz
windows have small fill and vent slots ground into their inner surfaces.
Figure 11.4 shows how the holder is filled and then twisted into a
sealed configuration. The holder is held together by capillary action
and will preserve the sample purity and maintain constant thickness
for the several minutes required to perform an analysis.
It can be shown that the logarithm of the change in detector
resistance from its dark value is linearly proportional to the mole
percentage of D 2 0 in a sample (1). Figure 11.5 shows a typical cali-
bration curve for four primary D2 0 standards and two secondary glass
slide standards. The analyzer consistently showed better than ± 0.03
percent accuracy and is therefore satisfactory for monitoring the heavy
water purity in an experimental assembly despite its extreme simplicity.
11.2 RESULTS
Table 11.1 summarizes all available results of measurements
made on the purity of the D2 0 used in the M.I.T. exponential facility.
Most of the previous data were obtained by using nuclear magnetic
resonance spectrometry. As can be seen, the purity applicable during
most of the time spanned by the Heavy Water Lattice Project's experi-
mental program can be taken as 99.45 ± 0.03 mole percent. The
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Table 11.1
Lattice D 20 Purities 1964-1968
Date of Method of Analysis Mole %
Lattice Sample and Laboratory D20
1964
1964
5/5/65
5/14/65
7/20/65
After addition of
D 2 0 from drums
6948, 6575, and 4838
1/7/66
(a miniature lattice)
3/2/66
9/1/66
Before lattice drained
9/8/66
New D 2 0 put in lattice
NS (Savannah River)
NMR ('AIT)
NMR (MIT)
NMR (MIT)
NMR (MIT)
NMR (MIT)
NMR (MIT)
NMR (MIT)
NMR (MIT)
99.6
99.62 ± .03
99.46 ± .03
99.45 ± .03
99.47 ± .03
99.48 ± .03
99.40 ± .03
99.44 ± .03
99.77 i .03
NS* (AEC Analysis)
Infrared
Present Work
99.42
99.43 ± .03
Method not specified (NS).
11/-/67
12/11/67
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maximum purity, encountered on the two occasions when a complete
new charge of D 20 was added to the system, was 99.77 percent.
11.3 REFERENCES
(1) Hlista, R. J., "D2 0 Analyzer Development," M.S. Thesis,
M.I.T. Nuclear Engineering Department, January 1968.
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12. CERENKOV DETECTOR DEVELOPMENT
H. L. Massin
A number of reactor physics measurements, noise analysis in
particular, require use of a highly efficient detection system. For
example, Hauck (1) estimates that approximately one percent of the
fissions occurring must be detected for cross-spectral noise analysis
in a subcritical lattice with keff = 0.7. Most conventional detection
systems having so large an efficiency would seriously perturb the
system under observation. The use of a system based on detection of
Cerenkov light has therefore been suggested. The work reported in
this section was done to evaluate the performance of a Cerenkov
detector in the MITR lattice facility (2).
12.1 EXPERIMENTAL INVESTIGATIONS
A standard Dumont 6292 phototube having an S-11 spectral
response was inserted in place of the central fuel rod in a lattice of 1%
enriched UO fuel rods. The photocathode was immersed in D 0 and2 2
was level with the top of the fuel.
The power level in the host lattice was established by making
absolute flux determinations with cobalt foils and coincidence counting.
The total lattice fission rate was determined to be 1.68 X 1012 fissions
per second or approximately 54 watts.
The following experimental situations were investigated in the
host lattice:
(1) Submerged and at full lattice power, a detected current of
10.5 p. amps was obtained.
(2) The D 2 0 was then drained from the tank. The tank was re-
filled slowly to see if there was an optical coupling effect when the tube
became submerged. The current increased steadily as the D 2 0 height
increased until the photocathode became covered between 154 cm and
156 cm. At this point, the current increased abruptly from 9.0 p. amps
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to 10.5 p. amps. Internal reflection from the surface of the D 20 is
probably the main contribution to this optical coupling effect.
(3) The phototube was then covered with an opaque cap, sub-
merged in the D 2 0, and the lattice brought to full power. A current of
0.08 p. amps was detected which is attributed to a dark current com-
ponent and a component from gammas hitting the photocathode and
dynodes and ejecting photoelectrons.
In view of (1) and (3) above, the light output due to Cerenkov radi-
ation is:
10.5 p. amps - .08 p. amps = 10.42 [1 amps.
Efficiency is defined as:
fissions detected
E = fissions occurring
where
fissions occurring = 1.68 X 1012 fissions per second.
Properly speaking, "fissions detected" means that each fission is de-
tected only once. Assuming a value of e around 1%, the probability of
detecting two photons from the same fission is approximately:
e2 = (.01)(.01) = .0001,
and this distinction may be neglected providing e does not become too
large.
The output current of the phototube is related to the number of
photoelectrons at the first dynode, p., by:
I = [iMe., (12.1)
where
I = 10.4 p. amps,
.= fission events detected per second
= photoelectrons at the first dynode,
M = gain of phototube,
e = charge on electron.
For an applied voltage of 770 volts, the gain, M, is 2.5 X 10 (3 4).
Hence, from Eq. 12.1,
10.4 X 10-6 = p(2. 5 X 10 3)(1.6X 10 19)
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2.60 X 1010 fissions detected per second and hence,
2.60>X 10 10 -21 = .68 X 1012 = 1.54 X 10 = 1.54% .
The major uncertainty involved in the value of 1.54% lies in the
determination of the number of fissions occurring, which leads to a
± 15% estimated uncertainty in the present case.
12.2 THEORETICAL ANALYSIS
A complete step-by-step analysis of all processes leading to
Cerenkov photon production, and from there to detection by the photo-
tube, was also made.
It was found that Compton-scattered electrons were the immedi-
ate source of nearly all the light emission and that about 90% of these
electrons were produced by gamma rays originating in the fission
process. Most of the other important gammas were due to (n, y)
238 23
reactions in U and U 2 3 5
The theoretically predicted efficiency was 0.3% which is reason-
ably close to the observed value in view of the many steps involved in
the calculation. The greatest part of the discrepancy undoubtedly lies
in the determination of the light collection efficiency. This conclusion
is supported by comparison of the present results with some French
results in a similar lattice in which a small detector volume was used
and for which the geometric collection efficiency was readily esti-
mated (5).
M. I. T. University of Paris
Experimental 2.60 X 10 6  2.90 X 106
Theoretical 0.50 X 10 6  2.25 X 106
Units: Photons/sec per watt/cc.
The light production in the French and MIT experiments is in
good agreement, but the MIT theoretical numbers are less accurate
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owing to the "poor geometry" involved when the entire lattice is used as
its own detector.
12.3 CONCLUSIONS AND RECOMMENDATIONS
Approximately 1.54% of the fissions occurring per second are
detected by means of the Cerenkov radiation emitted in the host sub-
critical assembly. This is an extremely good efficiency compared to
alternative detection systems and was obtained by a method that is
experimentally inexpensive, simple to set up and operate, quick to
achieve results, and-most important-one that does not perturb the
system under study. A reasonably good estimate of the efficiency
obtainable may also be made theoretically by considering separately
the various gamma generation processes.
A higher efficiency may be obtained by using a photomultiplier
designed especially for Cerenkov radiation detection. The RCA 4524
is such a tube. It has a 3-inch photocathode diameter which will
increase the optical collection efficiency, and a peak spectral response
0 
0 0
at 4000 A in a response range of about 3000 A to 6500 A. It also has a
peak quantum efficiency of 22%, which is higher than that of the Dumont
6292. Thus, detector efficiencies of 6% could be attained merely by
changing phototubes.
Finally, further analysis is needed to determine just how much
of the observed signal is useful. In this study, the photon detection
rate was assumed to be proportional to the fission rate, in agreement
with the observations of Skarsvag and Lundby (6). However, for noise
analysis only prompt fission gammas contribute useful information.
Hence, the effective efficiency for noise analysis will be somewhat
lower than observed here. Shen (7) has reported some pertinent
experimental experience, and Gelinas and Osborn (8) have made a
theoretical analysis of photon noise measurements.
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13. PULSED NEUTRON MEASUREMENTS ON
SINGLE FUEL ELEMENTS
D. Kennedy and M. Driscoll
Theoretical interest in pulsed neutron experiments on a single
fuel element has been expressed in a recent paper by Corno (3).
Therefore, a more thorough experimental evaluation of this approach
was performed although the limited previous work on single elements
by Malaviya (1) and by Bliss (2) was not particularly promising.
1. THEORY
A detailed treatment of the pulsed single rod experiment can be
found in reference 3. For present purposes, simple one-group pertur-
bation theory will be adequate. One can calculate the fractional change
in the fundamental mode decay constant which characterizes the
exponential decay of the thermal neutron population following excitation
of the assembly by a burst of fast neutrons:
AX 1 a 2 (v-) (13.1)
J (2.405) DD2 0 B
where
a = diameter of fuel rod,
R = extrapolated radius of exponential tank,
B = (.2 + 2.405 2 = geometric buckling of the exponential tank.
Substitution of values for the MIT exponential tank and a 1-inch-
diameter, natural uranium fuel rod into Eq. 13.1 leads to a predicted
fractional decrease in X of approximately one percent.
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2. EXPERIMENT
Standard pulsed neutron experiments with the techniques and
equipment developed by Bliss (2) were made for three different cases:
(1) Exponential tank containing only D 2 0,
(2) A single 1-inch-diameter, natural uranium metal fuel rod
located on the tank axis,
(3) A seven-rod cluster of 0.438-inch-diameter, 1.1% enriched,
UO2 fuel rods.
Each case was done in duplicate, and the fundamental die-away
constant was extracted from the data with the aid of the moments
method developed by Papay (see chapter 6 of this report). Table 13.1
shows the results of the experiments.
TABLE 13.1
RESULTS OF PULSED NEUTRON EXPERIMENTS
Run
Number Type of Run
1 Pure Moderator 655
2 640
1 Single Rod 655
2 665
1 Cluster 657
2 645
3. CONCLUSIONS
As can be seen in Table 13.1, the reproducibility between dupli-
cate runs and the differences among the three cases investigated are
all on the order of ± 1%, or approximately the same magnitude as the
effect one wishes to measure. It does not appear feasible, therefore,
to do useful reactor physics experiments on single fuel elements with
pulsed neutron methods of the present type. An order of magnitude
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improvement in the accuracy with which X is determined would be
required, and this appears beyond present experimental and data-
analysis capabilities.
4. REFERENCES
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"Use of a Pulsed Neutron Source to Determine Nuclear
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Rods in Heavy Water," MIT-2344-7, MITNE-73,
September 1966.
(3) Corno, S. E., "Theory of Pulsed Neutron Experiments
in Highly Heterogeneous Multiplying Media,"
Proceedings of the Symposium on Pulsed Neutron
Research, Vol. II, IAEA, Vienna, May 1965.
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14. COMPARISON OF METAL AND OXIDE FOILS FOR
PARAMETER MEASUREMENTS IN FUEL RODS
N. Berube and R. L. Ricketts
A survey of the literature on the subject showed that most labora-
tories use metal foils to measure the parameters C , p2 8 , 625 and 628
in UO2 fuel despite the paucity of experimental justification for the
substitution (1). The overriding reason appears to be convenience, since
it is almost impossible to fabricate or use thin (- 5 mil) UO 2 foils.
Intercomparison measurements are also, therefore, quite tedious.
Nevertheless, it was considered important to acquire some experi-
mental evidence supporting the use of metal foils in the UO2 fueled
lattices reported in chapter 3 of this report.
14.1 EXPERIMENTS
Two different sets of intercomparison experiments were per-
formed.
Experiment A
In the first set of experiments, natural and depleted metal foils
were compared to 1.0989% enriched UO2 and depleted UO2 foils. The
irradiations were made inside 0.430-inch-diameter UO2 fuel rods but
in a host lattice of 0.387-inch-diameter metal fuel, 0.947% enriched,
on a 2.25-inch triangular spacing. The enriched UO2 foils were made
by slicing and lapping fuel pellets to a 10-mil-thick wafer. The depleted
UO 2 foils were made by converting depleted metal to oxide and then
encapsulating the oxide in a thin (10-mil wall, 10-mil interior height)
aluminum can. The depleted uranium metal was also put into an identi-
cal can in order to insure an equivalent environment. All foil weights
and enrichments were calibrated by activation analysis. The foils
were irradiated side by side, metal in one rod and oxide in the other,
in the standard way used for all integral parameter measurements.
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After irradiation the foils were counted for both fission product (FP)
and neptunium (NP) activities. The results are shown in Table 14.1 in
terms of specific activity ratios and also in terms of the more perti-
nent cadmium ratios.
Experiment B
In the second set of experiments, an attempt was made to reduce
experimental error by working only with material of well-determined
enrichment. Sets of metal and oxide foils were fabricated from natural
uranium. All foils were canned in 5-mil aluminum with an active fuel
thickness of 5 mils. All foils were again calibrated by activation analy-
sis. This time, metal and oxide foils were paired off and irradiated
together in the same fuel rod. The host lattice was composed of 0.5-
inch-diameter, 1.1% enriched UO2 fuel rods on a 3.25-inch triangular
spacing. The results are summarized in Table 14.2. As can be seen,
the experimental precision is in general improved.
14.2 DISCUSSION
The parameters p2 8, 625, and 628, which are measured using
foils of the type studied here, are all ratios of foil activities. Thus,
the most significant results displayed in Tables 14.1 and 14.2 are in
rows 5 and 6 which show that cadmium ratios measured using oxide
foils appear to be consistently lower than those measured using metal
foils by roughly 5%. This discrepancy is greater than the experimental
precision obtainable in such experiments which is on the order of ± 2%.
The results imply that the measurements reported by M. I. T., and all
the other research organizations using metal foils in oxide cores, may
be on the order of 5% high. This error, while not prohibitive, is large
enough to warrant further theoretical and experimental work to develop
correction factors accounting for the discrepancies.
14.3 REFERENCES
(1) Ricketts, R. L., "Development of Equipment Design,
Experimental Procedures and Materials for Studying Lattices
of U0 2 Fuel Rods in the MIT Exponential Facility,"
S. M. Thesis, M. I. T., Nuclear Engineering Department,
August 1966.
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TABLE 14.1
RATIO OF OXIDE TO METAL SPECIFIC ACTIVITIES
AND CADMIUM RATIOS
EXPERIMENT A
1.0989% Oxide 186 ppm Oxide
Parameters Versus Versus
Natural Metal 65 ppm Metal
1 1.046 ± 0.125 0.985 ± 0.017
2 1.127 ± 0.151 1.045 ± 0.086
3 1.125 ± 0.011 1.096 ± 0.201
4 1.139 ± 0.064 1.148 ± 0.103
5 0.929 ± 0.029 0.943 ± 0.106
6 0.988 ± 0.064 0.915 ± 0.016
KEY: 1) Ratio of bare FP activity per mole U 2 3 5
2) Ratio of cadmium-covered FP activity per mole
3) Ratio of bare NP activity per mole U238
4) Ratio of cadmium-covered NP activity per mole U 2 3 8
5) Ratio of cadmium ratios (FP).
6) Ratio of cadmium ratios (NP).
NOTES:
The standard deviation is corrected for Student's t factor.
The data given above are the averages of two determinations for
each value listed.
U 235
143
TABLE 14.2
RATIO OF OXIDE TO METAL SPECIFIC ACTIVITIES
AND CADMIUM RATIOS
EXPERIMENT B
a Oxide Versus Metal,Parametersa Natural Uranium
1 ( 2 )b 1.073 ± 0.059
2 (4) 1.130 ± 0.053
3 (2) 1.098± 0.041
4 (4) 1.162 ± 0.069
5 0.959 0.010
6 0.904 ± 0.012
aFor the definitions of parameters, refer to the
key to Table 14.1.
bNumbers in parentheses refer to the number of
runs made.
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15. TWO-REGION LATTICE STUDIES
J. Gosnell
15.1 STATUS
Analysis of experimental data which have been reported previ-
ously (1) has continued. These data consist of bare and cadmium-
covered gold foil traverses in the radial and axial directions in a total
of eleven two-region assemblies. The microscopic parameters, 628
and R 2 8 , have also been measured.
A two-group, two-region treatment of the radial traverses to
determine the material buckling of each region in the assemblies is
being completed. Factors to correct microscopic measurements to
a critical lattice are also being determined.
Final results and conclusions together with a detailed description
of the experimental methods will be contained in the topical report,
"Studies of Two-Region Subcritical Uranium Heavy Water Lattices"
(MIT-2344-13, MITNE-88), to be issued in the near future.
15.2 REFERENCES
(1) "Heavy Water Lattice Project Annual Report," MIT-2344-9,
MITNE-79, September 30, 1966.
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PART II
SUMMARY AND REVIEW
I. Kaplan, T. J. Thompson, M. J. Driscoll
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1. INTRODUCTION
As has already been noted, this is the final report by the M. I. T.
Lattice Project on work done under AEC Contract AT(30-1)-2344.
Part I of this report was devoted to a detailed summary of work per-
formed during the final year of the contract. In Part II, a brief
summary of all work performed under the contract will be made.
In general, work performed under the contract may be discussed
under three general categories. First, there are the major research
areas undertaken by the scientific staff and doctoral candidates,
generally concerned with developing methods for measuring lattice
parameters, often as a prelude to application of the techniques by
project technicians, master's degree candidates, and research assist-
ants. Chapter 2 of this part abstracts the fourteen topical reports
issued to date in these primary areas of research. Secondly, there
are the systematic data compiled on the standard lattices investigated.
This work was done mainly by the project technicians, technical and
research assistants, and master's degree candidates. A total of seven
different fuel types and twenty different uniform lattice spacings were
studied in detail. The results of this work are cataloged in chapter 3.
The third general area consists of supporting research performed
mainly by master's degree candidates (some 23 to date) and other
students. This work has all been reported in the preceding annual
reports or in Part I of this report, and the results are also reflected
in the major research topics and in the parameter data compiled.
Therefore, no additional attempt to repeat a synopsis of this third
miscellaneous category need be made here; for the record, a list of
the S. M. theses involved is included in section 2 of Appendix A to this
report.
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2. MAJOR RESEARCH TOPICS
Fourteen major research projects have been completed and the
results presented in topical reports. Three additional reports are
currently under preparation. This chapter presents abstracts of each
of the above seventeen reports: results of the first fourteen and pre-
views of the latter three. The work is discussed in more or less the
chronological order of actual completion, as this presents it in the
most logical manner, showing how each development contributed to
the orderly evolution of the project and the fulfillment of its objectives.
2.1 J. T. Madell, T. J. Thompson, A. E. Profio, and I. Kaplan
Spatial Distribution of the Neutron Flux on the Surface of a
Graphite-Lined Cavity
NYO-9657, MITNE-18, April 1962
A graphite-lined cavity was built at the outer end of the thermal
column of the MIT Reactor. Seven variations of the material and geo-
metrical arrangement of the cavity were made. The neutron flux was
measured on the top surface and in the top wall of each variation and
also on all surfaces and in the cavity itself of one of the variations.
Absolute flux, cadmium ratio, and albedo measurements were made.
The experimental results demonstrated that the cavity suitably modified
the magnitude, distribution, and direction of the neutrons emerging
from the thermal column.
A theoretical model was developed to calculate the magnitude and
distribution of the neutron flux on the surfaces of a cavity. The values
of the view factors and the albedos, which were necessary to calculate
the flux in the cavities, were obtained from computer programs. The
values of the flux were also calculated by using an electronic computer.
The calculated values of the flux are in excellent agreement with
the measured values and it is felt that the use of the theoretical model
is justified.
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2.2 P. F. Palmedo, I. Kaplan, and T. J. Thompson
Measurements of the Material Bucklings of Lattices of Natural
Uranium Rods in D 2 O
NYO-9660, MITNE-13, January 20, 1962
The experimental and analytical bases of the determination of the
material bucklings of uranium-D 2 0 lattices are presented. Techniques
which were developed, particularly with the intent of measuring
material bucklings in the MIT lattice facility, are described.
The design considerations and experiments dealing with the
spatial distribution and magnitude of the neutron source in the lattice
facility are discussed. The source distribution was analyzed as it
entered the subcritical assembly tank when the tank contained only D 2 0
and when the tank contained a lattice of uranium rods in D 20. The
detailed investigation of the overall flux distributions in lattices in-
cluded a study of the nonseparability of the macroscopic and micro-
scopic radial distribution.
A set of computer codes was developed to reduce and analyze
fully the data from flux distribution measurements.
The bucklings of three lattices of 1.010-inch-diameter, natural
uranium rods in D20 were measured. These measurements are shown
to be in good agreement with measurements made in similar lattices at
other laboratories.
2.3 A. Weitzberg, I. Kaplan, and T. J. Thompson
Measurements of Neutron Capture in U-238 Lattices of Uranium
Rods in Heavy Water
NYO-9659, MITNE-11, January 8, 1962
An experimental study of neutron capture in U238 in lattices of
uranium rods in heavy water was undertaken. An exponential facility
was used for measurements on lattices of natural uranium rods one
inch in diameter. The study included the following experiments:
(1) Measurement of the average U238 cadmium ratio of the
fuel rods.
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(2) Measurement of the average ratio of U 2 3 8 capture to U235
fissions in the fuel rods (conversion ratio).
(3) Measurement of the distribution of the resonance neutrons
in the moderator (both macroscopic and microscopic).
(4) Measurement of quantities directly related to the effective
resonance integral of the rods.
The cadmium and conversion ratios were measured by using
standard techniques and it was shown that, for the lattices considered,
the two independent experimental methods gave equivalent results.
The methods, therefore, seem reliable enough so that they can be
applied to measurements in more complex systems such as clusters of
rods or tight lattices of uranium oxide rods, where large discrepancies
have been noted. By using both methods, together, it may be possible
to determine the causes of these discrepancies.
The measurements of the resonance neutron distributions were
made with cadmium-covered dilute, natural uranium foils; together
with the results of similar measurements made with bare and cadmium-
covered gold foils, they served to demonstrate the separability of the
energy and spatial dependence of the flux over a considerable portion
of the assembly. This result insured that the measurements of the
microscopic parameters were made in a neutron energy spectrum
representative of the lattice.
2.4 J. R. Wolberg, T. J. Thompson, and I. Kaplan
A Study of the Fast Fission Effect in Lattices of Uranium Rods
in Heavy Water
NYO-9661, MITNE-15, February 21, 1962
The fast fission factor, e, in uranium cannot be measured
directly. It is related to a quantity, 628, defined as the ratio of the
fission rate in U2 3 8 to the fission rate in U235 This ratio can be
measured, and E and 628 may be related by a formula of the type
E = 1 + C6 2 8 , where C is a constant involving nuclear properties of
U 2 3 5 and U 2 3 8 . The relation between 628 and e is not unique and
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depends on the particular form of the theory used for e. Hence, it is
now customary to quote experimental values of 628 rather than of E.
The research to be reported on the fast fission effect has been
concerned mainly with the measurement of 628 and with certain related
problems. The areas of research may be grouped as follows:
(1) Development of a new method for measuring 628 which in-
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volves the ratio of the 1.60-MeV La activity in uranium foils of
different U235 concentration.
(2) Measurement of 628 in natural uranium rods 1.01 inches in
diameter in three lattices moderated by heavy water, in a single 1.01-
inch natural uranium rod immersed in heavy water, and in a single
0.25-inch-diameter rod with a U235 concentration of 1.14 weight per-
cent immersed in heavy water.
(3) Studies of the effect of changes in the experimental conditions
on the measurement of 628'
(4) Measurements of the flux of neutrons with energies greater
than the U238 fission threshold, as a function of position within a fuel
rod and in the moderator.
(5) Measurements of 6 25 the ratio of epicadmium to subcadmium
235fissions in U .
(6) Studies of the fission product gamma-ray spectrum as a
function of time after irradiation, for gamma rays with energies up
to 2.7 MeV.
The new method for measuring 628 involves an irradiation within
a fuel rod, without requiring a supplementary fission chamber experi-
ment. The uncertainty associated with this technique is smaller than
that of the earlier methods, the major uncertainty being in the ratio
(P25 28) for La140, where the 3's represent fission product yields.
The values of 628 reported in this thesis are in reasonable agreement
with previously measured and calculated values, and the results can be
corrected as better fission product yield data become available. The
method can also be used to replace the fission chamber experiment re-
quired in integral gamma counting methods. This procedure was
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followed, and the La140 technique was used only to determine the value
of 628 in one lattice.
The value of 628 measured in the tightest lattice was only 6.8 per-
cent greater than the value of 0.0559 determined for a single rod, indi-
cating that the fast interaction effects in the lattices studied were small.
2.5 J. Peak, I. Kaplan, and T. J. Thompson
Theory and Use of Small Subcritical Assemblies for the Measure-
ment of Reactor Parameters
NYO-10204, MITNE-16, April 9, 1962
The use of small subcritical assemblies for the measurement of
reactor parameters in the preliminary study of new types of reactors
offers potential savings in time and money. A theoretical and experi-
mental investigation was made to determine whether small assemblies
could be so used.
Age-diffusion theory was applied to the general case of a cylindri-
cal subcritical assembly with a thermal neutron source on one end.
The solutions, obtained by the use of operational calculus, allow calcu-
lation of the thermal flux due to the source, the thermal flux due to
neutrons born and moderated in the assembly, and the slowing-down
density at any particular age, for any point in the assembly. Solutions
are given for two different source conditions.
Methods of correction for source and leakage effects in small
assemblies were developed for measurements of lattice parameters.
They can be applied by using any valid representation of the thermal
neutron flux and the slowing-down density in the vicinity of the experi-
mental position. The corrections can be tested for consistency by
comparison with the experimental values.
Three dimensionless parameters were shown to characterize the
size of an assembly in terms of its neutron behavior. Three other
measures were advanced by which a proposed experimental position in
a subcritical assembly could be evaluated. Tables illustrating the use
of these parameters and measures were presented for 128 possible
subcritical assemblies.
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Experimental measurements were made in nine small assemblies,
16 inches in height and 20 inches in diameter. Slightly enriched
uranium rods of 0.250-inch diamete-r served as fuel at three lattice
spacings of 0.880, 1.128, and 1.340 inches. Mixtures of water and
heavy water at concentrations of 99.8, 90.3, and 80.2 mole percent
D20 were used as moderator at each of the three lattice spacings.
The following experimental measurements were made in each
assembly:
(1) Axial and radial flux traverses with bare and cadmium-
covered gold foils.
(2) The U238 cadmium ratio in a rod.
(3) The U 238/U235 fission ratio in a rod.
(4) Intracell flux traverses with bare and cadmium-covered gold
foils were made in six of the nine assemblies.
Comparisons between the theoretical and experimental flux
traverses of the assembly showed good agreement, especially in view
of the small size of the assembly.
The corrected measurements of the U238 cadmium ratios and the
U238 /U235 fission ratios showed good overall consistency.
Systematic deviations were found between the intracell flux
traverses and the theoretical traverses computed by means of the
THERMOS code. They are thought to be due to the particular scatter-
ing kernel used.
The results are promising enough so that further theoretical and
experimental research on small subcritical assemblies is justified.
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2.6 P. S. Brown, T. J. Thompson, I. Kaplan, and A. E. Profio
Measurements of the Spatial and Energy Distribution of Thermal
Neutrons in Uranium, Heavy Water Lattices
NYO-10205, MITNE-17, August 20, 1962
Intracell activity distributions were measured in three natural
uranium, heavy water lattices of 1.010-inch-diameter, aluminum-clad
rods on triangular spacings of 4.5 inches, 5.0 inches, and 5.75 inches,
respectively, and in a uranium, heavy water lattice of 0.25-inch-
diameter, 1.03% U235, aluminum-clad rods on a triangular spacing of
1.25 inches. The distributions were measured with bare and cadmium-
covered foils of gold, lutetium, and europium. The gold was used as a
1/v absorber to measure the thermal neutron density distribution.
Because the activation cross sections of lutetium and europium depart
considerably from 1/v behavior, their activation depends strongly on
the thermal neutron energy spectrum. Hence, they were used to make
integral measurements of the change in the neutron energy spectrum
with position in the lattice cell. A method was developed for treating
the partial absorption, by cadmium covers, of neutrons at the 0.46-eV
europium resonance, and it was found possible to correct the europium
activations to energy cutoffs just above and just below the resonance.
The measured activity distributions were compared with those
computed with the THERMOS code. In the natural uranium lattices,
THERMOS gave excellent agreement with the measured gold activity
distributions and very good agreement with the lutetium and europium
distributions, indicating that THERMOS gives a very good estimate of
the spatial and energy distribution of thermal neutrons in these lattices.
In the enriched lattice, THERMOS gave a large overestimate of the
activity dip in the fuel for all three detectors. The discrepancy was
attributed to a breakdown in the Wigner-Seitz cylindrical cell approxi-
mation at small cell radii. However, the measured ratios of lutetium
and europium activity to gold activity were in good agreement with the
THERMOS values, indicating that THERMOS still gave a good estimate
of the degree of spectral hardening.
Neutron temperature calculations were made from the data by
using Westcott effective cross sections. The temperature changes so
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calculated agreed well with those predicted by THERMOS.
Disadvantage factors calculated by the Amouyal-Benoist-Horowitz
(ABH) method were in excellent agreement with the measured values in
the natural uranium lattices. The agreement was not as good in the
enriched lattice because of an expected breakdown in the ABH method
at small cell radii. Values of the thermal utilization obtained from
experiment, from THERMOS, and with the ABH method were in excel-
lent agreement for all the lattices studied.
Radial and axial buckling measurements made with lutetium were
in excellent agreement with similar measurements made with gold,
indicating that the thermal neutron spectrum was uniform throughout
the lattice tank. Measurements of intracell gold activity distributions
made in off-center cells differed only slightly from those made in the
central cell of the lattice, indicating that the radial flux distribution
was almost completely separable into a macroscopic J 0 and a micro-
scopic cell distribution.
2.7 R. Simms, I. Kaplan, T. J. Thompson, and D. D. Lanning
Analytical and Experimental Investigations of the Behavior of
Thermal Neutrons in Lattices of Uranium Metal Rods in
Heavy Water
NYO-10211, MITNE-33, October, 1963
Measurements of the intracellular distribution of the activation
of foils by neutrons were made in lattices of 1/4-inch-diameter, 1.03%
U 235 uranium rods moderated by heavy water, with bare and cadmium-
covered foils of gold, depleted uranium, lutetium, europium and copper.
The measurements were made in the MIT Heavy Water Lattice Facility
with source neutrons from the MIT Reactor. Two lattices were studied
in detail in this work. The more closely packed lattice had a triangular
spacing of 1.25 inches, and the less closely packed lattice had a tri-
angular spacing of 2.5 inches. The results of the experiments were
compared to one-dimensional, 30-energy group, THERMOS calculations
based on the available energy exchange kernels. The comparison indi-
cated that the approximation that the hexagonal cell may be replaced by
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an equivalent circular cell (the Wigner-Seitz approximation) can lead
to serious discrepancies in closely packed lattices moderated by heavy
water. A modified one-dimensional calculation and a two-dimensional
calculation were shown to predict the intracellular activation distri-
bution in the closely packed lattice.
An analytical treatment of the problem of the flux perturbation in
a foil was developed and compared to the experimental results obtained
by using gold foils of four different thicknesses in the lattice cell; the
method was shown to be adequate. An analytical method to treat the
effect of leakage from an exponential assembly was formulated; the
results indicated that only in small exponential assemblies would
leakage be a significant problem in intracellular flux measurements.
A method was developed to predict the cadmium ratio of the foils used
in the lattice cell; comparison with available measurements with gold
foils indicated good agreement between theory and experiment, except
for a lattice having very large ratios of moderator volume to fuel
volume, e.g., 100: 1. Calculations of the fuel disadvantage factor by
the method of successive generations for gold, lutetium and europium
detector foils were compared to the results of THERMOS calculations
because THERMOS was shown to predict the experimental distributions.
The comparison indicated that the method of successive generations is
a good alternative to the THERMOS calculation, if all that is required
is rl and the thermal utilization.
2.8 B. K. Malaviya, I. Kaplan, T. J. Thompson, and D. D. Lanning
Studies of Reactivity and Related Parameters in Slightly
Enriched Uranium Heavy Water Lattices
MIT-2344-1, MITNE-49, May 1964
The kinetic behavior of a neutron transport medium which is
irradiated by a burst of fast neutrons has been investigated on the
basis of several theoretical models. Expressions have been derived
for the prompt neutron decay constant of the asymptotic thermal flux
in a subcritical multiplying system. These expressions relate the
decay constant of a subcritical assembly to various parameters of
interest.
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Pulsed neutron experiments were made with subcritical assem-4.
blies in the MIT Lattice Facility to measure lattice parameters. The
pulsed neutron method has also been applied to the measurement of
absolute reactivity and the reactivity worth of control rods in far sub-
critical assemblies. Concurrently with the pulsed neutron studies,
steady-state exponential experiments with control rods have also been
undertaken.
Die-away experiments on pure moderator assemblies in the MIT
Lattice Facility were made to measure the thermal neutron diffusion
parameters of heavy water at room temperature and the effect of ther-
mally black rods inserted axially in a cylindrical moderator assembly.
Pulsed neutron runs on unperturbed lattices were used to evaluate such
2 2lattice parameters as k,, L , k, fm, Bm, etc. These values are in
agreement, within experimental uncertainties, with the results of steady-
state exponential experiments and of calculations based on the THERMOS
code.
Pulsed neutron experiments on perturbed lattices were made to
find prompt neutron lifetime and the absolute negative reactivity of the
assembly. The worths of control rods have also been measured. The
pulsed neutron and steady-state experiments for the measurement of
the reactivity effect of control rods give results which agree within the
experimental uncertainties. Two-group theory, with no allowance for
absorption in the fast group, is found to underestimate the worth of the
rod by a few percent. The conditions for the validity of control rod ex-
periments in exponential assemblies have been considered. Suggestions
for extending the techniques developed in this work and for refining the
results have also been included.
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2.9 W. H. D'Ardenne, T. J. Thompson, D. D. Lanning, and I. Kaplan
Studies of Epithermal Neutrons in Uranium, Heavy Water
Lattices
MIT-2344-2, MITNE-53, August 1964
Measurements related to reactor physics parameters were made
in three heavy water lattices. The three lattices studied consisted of
0.250-inch-diameter, 1.03 w/o U235 uranium fuel rods arranged in tri-
angular arrays and spaced at 1.25, 1.75, and 2.50 inches. The follow-
ing quantities were measured in each of the three lattices studied: the
238ratio of the average epicadmium U 8capture rate in the fuel rod to
the average subcadmium U 2 3 8 capture rate in the fuel rod (p 2 8 ); the
ratio of the average epicadmium U 2 3 5 fission rate in the fuel rod to the
average subcadmium U 2 3 5 fission rate in the fuel rod (625); the ratio
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of the average U capture rate in the fuel rod to the average U 2 3 5
fission rate in the fuel rod (C *); the ratio of the average U238 fission
rate in the fuel rod to the average U 2 3 5 fission rate in the fuel rod (628);
and the effective resonance integral of U 2 3 8 in a fuel rod (ERI 2 8 ). The
results of an investigation of systematic errors associated with these
measurements have led to many changes and adjustments in the experi-
mental techniques and procedure which have improved the general pre-
cision of the experimental results.
A new method was developed to measure the ratio C * which
simplified the experiment, significantly reduced the experimental
uncertainty associated with the measurement, and avoided systematic
errors inherent in the method used to measure C in earlier work.
The value of ERI28 was also measured by a new method in which
the results of measurements made in an epithermal flux which had a
1/E energy dependence are combined with the results of measurements
made in a lattice.
The experimental results were combined with theoretical results
obtained from the computer programs THERMOS and GAM-I to
determine the following reactor physics parameters for each of the
three lattices studied: the resonance escape probability, p; the fast
fission factor, E; the multiplication factor for an infinite system, k.,;
and the initial conversion ratio, C.
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Methods were developed to measure that portion of the activity of
a foil which is due to neutron captures in the resonances in the acti-
vation cross section of the foil material. The resonance escape proba-
bility was determined by a new method, using the resonance activation
data, in which the use of cadmium is not necessary.
2.10 G. L. Woodruff, I. Kaplan, and T. J. Thompson
A Study of the Spatial Distributions of Fast Neutrons in Lattices
of Slightly Enriched Uranium Rods Moderated by Heavy Water
MIT-2344-5, MITNE-67, November 1965
Intracellular distributions of the activation of threshold foil
detectors were measured in seven heavy water-moderated lattices of
uranium metal rods: 0.25-inch-diameter, 1.027% U235 rods on tri-
angular spacings of 1.25 inches, 1.75 inches, and 2.50 inches; 0.25-
inch-diameter, 1.143% U235 rods on triangular spacings of 1.25 inches,
1.75 inches, and 2.50 inches; and 0.75-inch-diameter, 0.947% U 2 3 5
rods on a triangular spacing of 2.50 inches. The reactions used in the
measurements included In 1 1 5(n,n')In m U 2 3 8 (nf), Ni 5 8 (n,p)Co 58
64 64
and Zn (n,p)Cu6. The distributions were found to be the same for
the different reactions with the possible exception of the zinc reaction
in the more widely spaced lattices. The distributions were found to be
strongly dependent on rod diameter and rod spacing, but independent of
U235 concentration, at least for the small differences in concentrations
existing in the lattices studied. Methods were developed for correcting
the experimental data for the activity resulting from competing capture
reactions which accompany the threshold reactions.
A kernel method was developed, the UNCOL code, for computing
the spatial distribution of the uncollided fast flux in assemblies with
cylindrical fuel elements. Good agreement was obtained between ex-
perimental results and the results of UNCOL calculations using values
of 0.093 cm~ and 0.100 cm~ for the removal cross sections for heavy
water and uranium, respectively. These values, which can be considered
experimental values of the removal cross sections, are close to the
calculated values found in the literature for one energy group above
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1.35 MeV, 0.0899 cm- for heavy water and 0.1039 cm~ for uranium.
The results of UNCOL calculations also gave good agreement
with distributions of the Ni 58(n,p)Co58 reaction measured in the ex-
perimental facilities in and around the MITR core.
A relationship between 628 and the UNCOL results was derived.
This relationship was applied to prievious measurements of 628 and
was found to correlate the experimental results very well for values of
628 less than about 0.055. The systematic discrepancies for higher
values was attributed to spectral shifts occurring in the more tightly
spaced lattices of 0.75-inch and larger rods.
The HEETR code was used to calculate the intracellular distri-
butions of the threshold reactions used in the experiments as well as
values of 628 for the lattices in which experimental results had been
obtained. The calculated intracellular distributions agreed well with
both the experimental results and those of UNCOL calculations. The
calculated values of 628 were consistently lower than corresponding
experimental values.
2.11 J. Harrington, D. D. Lanning, I. Kaplan, and T. J. Thompson
Use of Neutron Absorbers for the Experimental Determination of
Lattice Parameters in Subcritical Assemblies
MIT-2344-6, MITNE-69, February 1966
A new method for measuring values of the multiplication factor
for an infinite medium, k , has been developed; the method involves
addition of neutron absorbers to subcritical assemblies. Measure-
ments of the values of k for three lattices of uranium metal rods in
heavy water have been made; solid copper rods were used as absorbers.
Two of the lattices consisted of 0.25-inch-diameter rods of 1.143% en-
riched uranium on triangular spacings of 2.50 inches and 1.75 inches;
a third lattice consisted of 0.75-inch-diameter rods of 0.947% enriched
uranium on a triangular spacing of 2.50 inches. The values of k were
found to be 1.429± 0.007, 1.416± 0.011, and 1.187± 0.027, respectively;
they were in agreement, within experimental uncertainties, with values
obtained with the four-factor formula.
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The method used is closely related to the Hanford (PCTR) tech-
nique for measuring k., which requires a critical reactor. Since it is
nearly a measurement of (ko -1), and because the measured values are
independent of a number of sources of error,in the four-factor formula,
the uncertainties in the measured values should be smaller than those
obtained with the four-factor formula. The work shows that a 3% un-
certainty in (k. -1) may be obtained with the method, comparable with
the uncertainty in PCTR measurements.
Measured values of the neutron regeneration factor, rY, which
are independent of the values of v 2 5 and the fission cross section of the
fuel, and nearly independent of the absorption cross section of the fuel,
have also been determined; for the lattices of 0.25-inch rods, they are
1.525 ± 0.014 and 1.555 ± 0.008, respectively; they agree well with
values computed with the THERMOS code.
The results of exploratory experiments indicate that it may be
possible to do the measurements in two-region subcritical assemblies.
2.12 H. E. Bliss, I. Kaplan, and T. J. Thompson
Use of a Pulsed Neutron Source to Determine Nuclear Parameters
of Lattices of Partially Enriched Uranium Rods in Heavy Water
MIT-2344-7, MITNE-73, September 1966
The pulsed neutron technique has been used to determine the
nuclear parameters of a number of subcritical lattices of slightly en-
riched uranium metal rods in heavy water. Experimental values of the
fundamental mode decay constant X and geometric buckling B2 have
g
been related to the multiplication factor k, and the absorption cross
section va by a two-group model. The thermal diffusion area (L 2
vD0 /v a) has also been obtained with calculated values of vD0. The
values of k, are generally in agreement, within experimental uncer-
tainties, with values obtained with the method of added absorbers, with
the four-factor formula, and with the two-group critical equation. The
values of vi and L2 are in agreement with the values computed with
the THERMOS code.
The overall uncertainties in the values of k, vary from 1.5% to
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4.5% with the larger values attributed to statistical fluctuations in the
experimental data. Known systematic sources of error presently limit
the accuracy of the pulsed neutron method to between 1.0% and 1.5%.
Measurements have been made in two-region assemblies; the
values of k, obtained in the test region agree, within experimental
uncertainties, with those obtained with the four-factor formula in
lattices composed entirely of the test region medium.
Values of k and va in lattices successively modified by the ad-
dition of a distributed neutron absorber have been obtained which are
more accurate than those determined from pulsed neutron measure-
ments on the unmodified lattices alone.
A value of 0.44 ± 0.05 has been determined for the return coef-
ficient of thermal neutrons from the graphite-lined cavity below the
MIT Lattice Facility experimental tank.
2.13 E. Sefchovich, I. Kaplan, and T. J. Thompson
The Measurement of Reactor Parameters in Slightly Enriched
Uranium, Heavy Water Moderated Miniature Lattices
MIT-2344-8, MITNE-76, October 1966
Reactor physics parameters were measured in six heavy-water
lattices which were miniature versions of lattices investigated exten-
sively in the exponential assembly at M. I. T. The lattices consisted of
0.25-inch-diameter rods in two U235 concentrations, 1.143% and 1.027%,
and three spacings, 1.25, 1.75, and 2.50 inches. The following quanti-
ties were measured in each lattice: the ratio of epicadmium to sub-
cadmium capture rates in U (p2 8); the ratio of epicadmium to sub-
cadmium fission rates in U 23 5 (625); the ratio of the total capture rate
in U238 to the total fission rate in U 2 3 5 (C*); the U 238-to-U235 fission
ratio (628); the intracellular distribution of the activity of bare and
cadmium-covered gold foils; and the axial and radial activity distri-
butions of bare and cadmium-covered gold foils. Corrections derived
from theory had to be applied to account for the presence of source
neutrons and boundary effects. The age-diffusion model developed by
Peak was improved and corrections were obtained to extrapolate the
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miniature lattice data to exponential, critical and infinite assemblies.
To test the validity of the extrapolation methods, the results obtained
by extrapolating the miniature lattice data to exponential assemblies
were compared with the results of measurements made in the exponen-
tial assembly at M. I. T. The extrapolated and measured results agreed
generally within the experimental error.
It is shown that to extrapolate the values of p 2 8 , 625 and C
measured in the miniature lattice to larger assemblies, it is only
necessary to describe theoretically the measured spatial distribution
of the cadmium ratio of gold.
The experimental determination of the material buckling in
miniature lattices was investigated. It is apparent that the inclusion of
transport effects may be necessary, first, to define the material buck-
ling and, second, to obtain its value.
The correction factors for p 2 8 , 625 and C* were shown to depend
on k0, so that k, cannot be determined directly from measurements in
t e miniature lattice. An iterative procedure was developed to deter-
mine k which converges rapidly and, for the lattices investigaged, led
to results that were in agreement with the values of k, obtained from
measurements in the exponential assembly at M. I. T.
2.14 E. E. Pilat, M. J. Driscoll, 1. Kaplan, and T. J. Thompson
The Use of Experiments on a Single Fuel Element to Determine
the Nuclear Parameters of Reactor Lattices
MIT-2344-10, MITNE-81, February 1967
The nuclear parameters of a reactor lattice may be determined
by critical experiments on that lattice, by theoretical calculations in
which only cross sections are used as input, or by methods which com-
bine theory and experiment. Of those methods which combine theory
and experiment, the Single Element Method, abbreviated SEM, is
shown to have great usefulness. As used here, the method combines
experiments on the smallest meaningful unit of fuel-a single fuel
element-with a theory which relates the behavior of a lattice of such
elements to the experimentally determined behavior of the single
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element. This particular division of the problem into theory and ex-
periment is useful for at least three reasons.
First, several parameters which characterize a reactor lattice-
the thermal utilization and resonance escape probability, for example
-often depend strongly and in a complicated manner on the properties
of individual fuel elements, but only depend weakly or in a simple
manner on interactions between the fuel elements. In the Single Ele-
ment Method, the largest contribution to these parameters is deter-
mined by measurements on a single fuel element, and only a relatively
small correction to account for the presence of the rest of the fuel ele-
ments need be estimated theoretically. Second, the determination of
lattice parameters in this way represents a desirable saving of time,
money, effort, and material over their determination in critical or
exponential experiments. Third, it is shown that the method provides
an excellent way of correlating the results of experimental measure-
ments, since it shows what pertinent variables must be used to express
the quantity of interest in a linear or nearly linear fashion.
Values obtained by the SEM for the thermal utilization of lattices
of uranium rods in heavy water are accurate to about 0.3 percent (by
comparison with THERMOS). Values of p 2 8 , 628, and C* are obtained
by the SEM for the same lattices to an accuracy of between five and ten
percent (by comparison with experiment). The same method yields
values of 628 which are equally accurate in lattices moderated by light
water. In addition, the theoretical development of the SEM predicts
that p 2 8 , 6 28' C and 625 should vary nearly linearly with the inverse
of the unit cell volume (for a fixed size of fuel element). This explains
the experimentally observed behavior and provides an important tool
for the rational correlation of experimental results.
2.15 J. Gosnell, T. J. Thompson, and I. Kaplan
Studies of Two-Region Subcritical Uranium Heavy Water Lattices
MIT-2344-13, MITNE-88. To be issued in the near future.
This report contains results and analysis of eleven two-region
experiments performed in the MIT lattice facility.
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2.16 H. S. Cheng, I. Kaplan, M. J. Driscoll, and T. J. Thompson
The Use of a Moments Method for the Analysis of Flux Distri-
butions in Subcritical Assemblies
MIT-2344-11, MITNE-84. To be issued in the near future.
This report contains an exposition of a new analytical procedure
for analysis of buckling data, analysis of the effects of spatial and
energy transients on buckling measurement in exponentials, and an
evaluation of the feasibility of measuring the material buckling using
miniature lattices.
2.17 L. Papay et al.
Coolant Void Reactivity Effects in Heavy Water Moderated Low
Enrichment Uranium Rod Clusters
MIT-2344-14, MITNE-87
This topical report will eventually be issued on work done under
the joint sponsorship of the AEC and MIT.
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3. CATALOG OF UNIFORM LATTICE DATA
One of the major objectives of the project has been the system-
atic accumulation of a set of precise experimental data on a variety of
low-enrichment uranium fuels in heavy water moderator. These data
have been painstakingly accumulated during an extensive succession of
experiments done in the large exponential tank of the MITR lattice
facility. The data have proven extremely useful, both for testing
theoretical hypotheses and as a primary standard against which newer
experimental methods can be tested. Thus, while the results have all
been previously reported elsewhere, it is worthwhile to collect and
reproduce them here.
The tables which follow summarize buckling and integral
parameter measurements made on seven different fuels, both metal
and oxide, at a total of 20 different lattice spacings. During the
experiments, the D 2 0 purity averaged 99.45 ± 0.03 mole percent, with
a maximum of 99.77 percent, and the D 2 0 temperature averaged
26 ± 2*C. The buckling values reported were all determined using the
curve-fitting technique (see Part I, Chapter 1), and the integral
parameters were all measured using foil activation methods (see Part I,
Chapter 3).
UNIFORM LATTICES
Table 3.1
STUDIED BY THE M.I.T. LATTICE PROJECT
FUEL
% U2 3 5  Density
(Gms/cc)
0.71 18.9
1.027 18.9
1.143 18.9
0.947 18.9
0.947 18.9
1.099 10.2
1.99 10.2
O. D.
(Inches)
1.01
0.250
0.250
0.750
0.387
0.431
0.431
Material
1100-Al
1100-Al
1100-Al
1100-Al
1100-Al
1100-Al
1100-Al
CLAD
O. D.
(Inches)
1.080
0.316
0.316
0.814
0.449
0.500
0.500
Thickness
(Inch)
0.028
0.028
0.028
0.028
0.028
0.032
0.032
SPACINGS
Uniform Triangular
(Inches)
4.50, 5.00, 5.75, oo0"
1.25, 1.75, 2.50, o
1.25, 1.75, 2.50, oo
2.50, 3.50, 5.00, oo
1.50, 2.25, 3.00, oo
1.50, 2.25, 3.50;
(3.25 sq) oo
3.50, oo
Re-assay gives 1.016 as more probable value.
oo spacing = single-rod measurement.
C
Material
1.
2.
3.
4.
5.
6.
7.
U-Metal
U-Metal
U-Metal
U-Metal
U-Metal
UO
2
UO
2
*
* *
Table 3.2
LATTICE PARAMETER DATA FOR
0.71% ENRICHED, 1.01-INCH-DIAMETER METAL FUEL
Lattice B 2
Spacing m 6 C*
(Inches) (cm-2 X 10 6
4.50 848 ± 10 0.0597 0.507 0.0479 1.017
±0.0020 ±0.008 ±0.0019 ±0.023
5.00 8.65 ± 10 0.0596 0.401 0.0340 0.948
±0.0017 ±0.002 ±0.0030 ±0.020
5.75 815 ± 8 0.0583 0.310 0.0268 0.859
±0.0012 ±0.004 ±0.0010 ±0.016
ooa 2665 ± 9b 0.0577 .0.1247 0.0099 0.747
±0.0022 ±0.0083 ±0.0040 ±0.009
a Single-rod data.
b 2 -yzAxial buckling (,y ) along single rod: flux varies as e-
I.
a)
-Z1
CTable 3.3
LATTICE PARAMETER DATA FOR
1.027% ENRICHED, 0.25-INCH-DIAMETER METAL FUEL
Lattice B 2
Spacing m 628 8 625 C*
(Inches) (cm X 106)
1.25 1157 ± 9 a 0.0274 0.845 0.0525 0.792
1195 ± 2 3 b ±0.0012 ±0.007 ±0.01 ±0.002
1.75 1200 ± 1 8 b 0.0217 0.437 0.0310 0.644
±0.0007 ±0.003 ±0.0013 ±0.003
2.50 891 ± 1 7 b 0.0183 0.227 0.0188 0.547
883 ± 1 0 a ±0.0007 ±0.001 ±0.0023 ±0.003
ooc 266 5 ± 9 d 0.0163
±0.0012
a 4-ft. tank
b 3-ft. tank
c Cf. Table 3.2
d Cf. Table 3.2
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Table 3.4
LATTICE PARAMETER DATA FOR
1.143% ENRICHED, 0.25-INCH-DIAMETER METAL FUEL
Lattice B 2
Spacing m 6 628 P 2 8  625 C*
(Inches) (cm- X 106)
1.25 1444 ± 10 0.0264 0.813 0.0584 0.717
±0.0040 ±0.067 ±0.0044 ±0.026
1.75 1405 ± 13 0.0204 0.471 0.0385 0.589
±0.0030 ±0.017 ±0.0099 ±0.010
2.50 1007 ± 17 0.0164 0.222 0.0160 0.498
±0.0010 ±0.026 ±0.0056 ±0.011
ooa 2665 ± 9b 0.0145 0.034 0.0015 0.425
±0.0015 ±0.006 ±0.0012 ±0.003
a Cf. Table 3.2
b Cf. Table 3.2
co
Table 3.5
LATTICE PARAMETER DATA FOR
0.947% ENRICHED, 0.7 5-INCH -DIAMETER METAL FUEL
Lattice B 2
Spacing 
-2 6 28 P 2 8  625 C*
(Inches) (cm X 10 )
2.5 969 ± 11 0.0615 1.358
±0.0021 ±0.026
3.5 1361 ± 9 0.0516 0.662 0.0540 0.798
±0.0032 ±0.002 ±0.0035 ±0.031
5.0 1130 ± 7 0.0489 0.351 0.0280 0.662
±0.0017 ±0.001 ±0.0020 ±0.028
00a 2665 ± 9 a 0.0426 0.103 0.0072 0.549
±0.0017 ±0.016 ±0.0012 ±0.041
a Cf. Table 3.2
j.
0
Table 3.6
LATTICE PARAMETER DATA FOR
0.947% ENRICHED, 0.387-INCH-DIAMETER METAL FUEL
Lattice B 2
Spacing 
-2 66 28 p 2 8  625 C*
(Inches) (cm X 106)
1.5 955 i10 0.0459 1.160 0.0867 1.007
±0.0013 ±0.001 ±0.0016 ±0.008
2.25 1244 ± 11 0.0326 0.527 0.0373 0.740
±0.0010 ±0.002 ±0.0012 ±0.007
3.0 1041 i 14 0.0291 0.319 0.0224 0.647
±0.0018 ±0.002 ±0.0024 ±0.002
00a 2665 ± 9 a 0.0259 0.0471 0.0036 0.521
±0.0020 ±0.0030 ±0.0019 ±0.003
a Cf. Table 3.2
I.
-J
I.
Table 3.7
LATTICE PARAMETER DATA FOR
1.099% ENRICHED, 0.431-INCH-DIAMETER OXIDE FUEL
Lattice B 2
Spacing m 6 P6CSaig-2 6 628 p 2 8  625 C*(Inches) (cm 2X 10 )
1.5 1166 ± 27 0.0271 0.9456 0.0660 0.7839
±0.0005 ±0.0072 ±0.0013 ±0.0032
2.25 1221 ± 13 0.0187 0.4270 0.0297 0.5953
±0.0005 ±0.0056 ±0.0006 ±0.0023
3.5 774 ± 46 0.0165 0.203 0.0126 0.5102
±0.0002 ±0.003 ±0.0002 ±0.0013
3.25 782 ± 34 0.0166 0.1991 0.0138 0.5080
(Square) ±0.0002 ±0.0027 ±0.00034 ±0.0011
00a 2665 ± 9 a 0.0178 0.0309 0.0021 0.4418
±0.0016 ±0.0028 ±0.0017 ±0.0014
a Cf. Table 3.2
I,
-21
IN,
Table 3.8
LATTICE PARAMETER DATA FOR
1.99% ENRICHED, 0.431-INCH-DIAMETER OXIDE FUEL
Lattice B 2
Spacing m 6 628 p28  625 C
(Inches) (cm X 106)
3.5 1494 ± 30 0.0157 0.345 0.0208 0.310
±0.0004 ±0.004 ±0.0005 ±0.001
ooa 2665 ± 9 a 0.0147 0.0588 0.0045 0.248
±0.0010 ±0.0090 ±0.0010 ±0.001
a Cf. Table 3.2
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4. REVIEW AND EVALUATION
1. BACKGROUND
Since 1959 the Nuclear Engineering Department at M. I. T., with
the support of the Atomic Energy Commission, has conducted a
program to investigate the reactor physics of low-enrichment uranium
fuel moderated by heavy water. From its inception the project was
oriented toward basic research into the measurement and interpre-
tation of lattice physics data rather than toward the collection of data
in support of a specific reactor design. The intent was to delineate an
entire area of reactor physics and cover it thoroughly with a network
of experiments designed to measure neutronic parameters in a con-
sistent and systematic way. The objectives of the M. I. T. Lattice
Project may be summarized as follows:
(1) to provide a fundamental understanding of the reactor
physics of low-enrichment, uranium-fueled, uniform lattices moder-
ated by heavy water;
(2) to develop and improve experimental and theoretical tech-
niques for the investigation of these lattices;
(3) to measure and catalog a broad range of experimental data
for important reactor physics parameters in these lattices;
(4) to develop and test theoretical methods for independent pre-
diction of, correlation of, interpolation among and extrapolation beyond
the experimental results;
(5) to develop methods, such as single-rod and substituted or
miniature lattice techniques, which will permit the collection of data
on new lattices with minimum expenditure of resources.
The program designed to achieve these objectives has been both
theoretical and experimental. The key part of the experimental equip-
ment constructed as a tool for attaining the above objectives was a
large experimental tank fed with reactor leakage neutrons via a thermal
column and a neutron hohlraum as shown in Fig. 4.1. The M. I. T.
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FIG. 4.1.
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Research Reactor, a 5-megawatt, enriched uranium-fueled, D 20-
moderated reactor, feeds neutrons to a 5-ft.-square, 3-ft.-long,
graphite thermal column. From the thermal column, the neutrons
leak into a "hohlraum" or empty room, approximately 6 ft. on a side,
lined with graphite. The hohlraum, in turn, serves as the source for
the exponential tank which is equipped to accept 3- to 4-ft. -diameter,
5-ft. -high experimental lattices.
While the experiment was constructed with a complete safety
system and sufficient flexibility to permit its use as a critical
assembly, it has always been operated as a subcritical assembly with
a maximum allowable multiplication of 10. The design has proven to
be highly satisfactory: the neutrons fed to the test cores are well
thermalized, having a cadmium ratio greater than 1,000, and the
source intensity is high enough to give lattice thermal fluxes of the
order of 1010 n/cm2 sec and lattice power levels on the order of
50 watts.
Following AEC approval in April 1959, construction began in
early 1960 and was completed to the extent that experiments could be
performed in a D20-filled tank by June of 1961. Since then, seven
different sets of uranium metal and oxide fuel rods have been studied
in twenty different lattices. The results are tabulated in the preceding
chapter.
In pursuit of the Project's objectives, a wide variety of experi-
mental methods have been applied. A partial list of the more
important includes:
(1) radial and axial foil activation traverses to determine the
material buckling;
(2) microscopic foil activation traverses within unit cells to
determine the thermal utilization and effective neutron temperature
and for comparison with theoretical results using computer codes
such as THERMQOS;
(3) measurement of average reaction rates in the fuel rods for
fast fission in U2, and for U238 capture and U 2 3 5 fission with both
bare and cadmium-covered foils. From these data, one is able to
calculate k
00
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(4) use of pulsed neutron and poisoned lattice methods as alter-
nate approaches to the determination of k ;
(5) use of threshold detectors to study fast neutron behavior
throughout the lattice cells;
(6) use of substituted and miniature lattices and single rod
experiments as alternative methods for determining lattice parame-
ters with a minimum expenditure of resources.
Lattice Project work has been by no means entirely experi-
mental. In fact, the overall effort has involved a roughly equal
balance between theory and experiment. Extensive use has been made
of the services available at the MIT Computation Center both for data
processing and for running programs developed as part of the research.
At the same time, the emphasis has been on development of simple ana-
lytic models and a fundamental understanding of neutron behavior
rather than upon development of sophisticated computer codes.
During the life of the contract, from three to four faculty
members have been involved part-time in guiding and directing
research. The rest of the permanent staff consisted of three full-
time technicians and one B. S. -level technical assistant. Normally,
four students were employed as full-time research assistants and a
variable additional number of others, usually more than four, per-
formed work on the project without need for salary support by the
project.
2. REVIEW OF RESULTS
Chapter 2 contains detailed abstracts of all topical reports
issued on contract research, and it is not the intent here to repeat
these summaries but rather to attempt a brief but comprehensive
assessment. Some of the more important discoveries and conclusions
resulting from this Project are:
(1) The fuel rod integral parameters p 2 8 , 525J 628, C* all
vary linearly with the volume fraction of fuel in the lattice. Strictly
speaking, this is true for infinite lattices; but for all practical
purposes, it also holds for finite lattices within the obtainable
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experimental accuracy. The far-reaching extent of this conclusion is
exemplified by the fact that H20-moderated lattices also display the
same trend even though heterogeneous theory would appear inappli-
cable. This means that in the future one can delineate the behavior of
a family of lattices of interest with a much reduced number of experi-
ments.
(2) Basic data have been collected on uniform lattices of slightly
enriched uranium rods moderated by heavy water. These data have
been collected in an organized way so that it should be possible to
interpolate among the data, or to extrapolate if necessary, to predict
the reactor physics characteristics of any lattice of practical interest.
By basing this interpolation on the linear correlations developed, it is
possible to predict such data with reasonable accuracy and within the
experimental error associated with the base measurements. The data
can be used to predict the effects of a number of important parameters
including enrichment in the U235 isotope, fuel composition (metal vs.
oxide), fuel rod diameter, and the spacing between fuel rods in the
lattice. This project has measured and compiled a large fraction of
all data collected on this general type of lattice to date.
(3) New techniques have been developed based on heterogeneous
reactor theory and using a single rod or small number of rods. This
technique lends itself to prediction of the characteristics of complete
lattices. Substantial success was, in fact, obtained in exploiting this
approach, particularly during the final year of the project. Other
methods for obtaining data from small amounts of fuel which are not
direct consequences of heterogeneous methods were also examined in
detail: namely, two-region lattices and miniature lattices, again with
substantial success.
(4) It was shown theoretically and experimentally that square,
as opposed to triangular, spacing of the fuel had no important effect
on lattice parameters, and only the volume fraction of fuel need be
considered. This conclusion materially extends the applicability of
the MIT catalog of data which were, with one exception, measured in
lattices having triangular spacing.
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(5) In common with the experience of other laboratories, it was
found to be extremely difficult to obtain integral parameter results
(p 2 8 , 628, 625, C*) having a standard deviation of better 
than ±1 percent.
Careful consideration of the foil packet errors involved suggests that
a residual bias in results of as much as 2 or 3 percent can still exist
even after all known corrections are applied: for example, in the use
of metal foils to measure oxide core parameters (see Chapter 14 of
Part I). Attempts to use new techniques or to refine old ones, to
reduce these errors substantially below those observed both here and
elsewhere, have been largely unsuccessful. For that reason, it is
possible to obtain more precise values of the combined parameter k
by other means: two employed by the Lattice Project have been the
pulsed neutron method and the added absorber method. Of these two,
the pulsed neutron method appears to have the greater potential for
further improvement and is easier to use.
We believe that the accuracy of the data which have been
accumulated is sufficient to permit reactor design without further
cold, clean critical measurements. As is generally true of design
based solely on this type of result, however, the lifetime of the first
core could have a relatively large uncertainty which might amount to
as much as twenty percent. This would have to be corrected for by
adjusting the enrichment, or other variable parameters, in subse-
quent cores based on initial core experience.
(6) What is perhaps the single most important lattice parameter,
the material buckling, can be extracted with better consistency and in
better agreement with theory by moments analysis of the experimental
data as opposed to conventional curve-fitting approaches.
(7) An important and still largely unexplored area which may
lead to improved lattice parameter measurement techniques is more
widespread application of sophisticated solid state gamma spec-
troscopy and various coincidence counting methods. A start in this
direction was made by investigation of new techniques for the measure-
ment of 628'
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(8) In general, it is possible to conclude that heterogeneous
reactor theory can be used to provide an adequate description of low-
enrichment uranium lattices moderated by heavy water. The M.I.T.
Lattice Project differs from previous work in its development and
application of heterogeneous lattice theory in that emphasis here has
been placed on the relation of heterogeneous to experimentally
measurable parameters. Within one to three percent accuracy, theory
and experiment seem generally to be in agreement.
Finally, the most pertinent conclusion of all may well be the
fact that a successful experimental program has been carried out in
the far subcritical regime and the results have been shown to be con-
sistent with the critical and subcritical results obtained elsewhere.
In this regard, application of the hohlraum concept, developed first
at M.I.T., has been extremely useful in that it made available a highly
thermalized, intense source of thermal neutrons to drive test as-
semblies in a most convenient manner.
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Appendix A
BIBLIOGRAPHY OF HEAVY WATER
LATTICE PROJECT PUBLICATIONS
In this appendix are tabulated all publications directly associated
with work performed in the M. I. T. Heavy Water Lattice Project.
Sc.D. theses are listed first, followed by S.M. theses, and then by
other publications. For convenience, publications since the last
annual progress report, dated September 30, 1966, are listed sepa-
rately.
1. DOCTORAL THESES ON MITR HEAVY WATER LATTICE PROJECT
Bliss, Henry E.
Use of a Pulsed Neutron Source to Determine Nuclear Parameters
of Lattices of Partially Enriched Uranium Rods in Heavy Water
Sc.D. Thesis, M.I.T. Nucl. Eng. Dept., September 1966
(Thesis Supervisors: I. Kaplan and T. J. Thompson)
Brown, Paul S.
Measurements of the Spatial and Energy Distribution of Thermal
Neutrons in Uranium, Heavy Water Lattices
Ph.D. Thesis, M.I.T. Nucl. Eng. Dept., August 1962
(Thesis Supervisors: I. Kaplan and T. J. Thompson)
Cheng, H. S.
The Use of a Moments Method for the Analysis of Flux Distributions
in Subcritical Assemblies
Sc.D. Thesis, M.I.T. Nucl. Eng. Dept. (to be issued)
(Thesis Supervisor: I. Kaplan and M. J. Driscoll)
D'Ardenne, Walter H.
Studies of Epithermal Neutrons in Uranium Heavy Water Lattices
Ph.D. Thesis, M.I.T. Nucl. Eng. Dept., August 1964
(Thesis Supervisors: I. Kaplan and D. D. Lanning
T. J. Thompson, on sabbatical leave)
*Also see section 3 for corresponding topical reports.
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Gosnell, James W.
Studies of Two-Region Subcritical, Uranium Heavy Water Lattices
Sc.D. Thesis, M.I.T. Nucl. Eng. Dept. (to be issued)
(Thesis Supervisors: T. J. Thompson and I. Kaplan)
Harrington, Joseph
Use of Neutron Absorbers for the Experimental Determination of
Lattice Parameters in Subcritical Assemblies
Sc.D. Thesis, M.I.T. Nucl. Eng. Dept., February 1966
(Thesis Supervisors: I. Kaplan and T. J. Thompson)
Madell, John T.
Spatial Distribution of the Neutron Flux on the Surface of a
Graphite-Lined Cavity
Sc.D. Thesis, M.I.T. Nucl. Eng. Dept., January 1962
(Thesis Supervisors: I. Kaplan and T. J. Thompson)
Malaviya, Bimal K.
Studies of Reactivity and Related Parameters in Subcritical
Lattices
Ph.D. Thesis, Harvard University Physics Dept., May 1964
(Thesis Supervisors: I. Kaplan and D. D. Lanning
T. J. Thompson, on sabbatical leave)
Palmedo, Philip F.
Measurements of the Material Bucklings of Lattices of Natural
Uranium Rods in D2 0
Ph.D. Thesis, M.I.T. Nucl. Eng. Dept., January 1962
(Thesis Supervisors: I. Kaplan and T. J. Thompson)
Papay, Lawrence T.
Coolant-Void Reactivity Effects in Heavy Water Moderated, Low
Enrichment Uranium Rod Clusters
Sc.D. Thesis, M.I.T. Nucl. Eng. Dept. (to be issued)
(Thesis Supervisor: T. J. Thompson)
Peak, John
Theory and Use of Small Subcritical Assemblies for the Measure-
ment of Reactor Parameters,
Ph.D. Thesis, M.I.T. Nucl. Eng. Dept., April 1962
(Thesis Supervisors: I. Kaplan and T. J. Thompson)
Pilat, Edward E.
The Use of Experiments on a Single Fuel Element to Determine
the Nuclear Parameters of Reactor Lattices
Ph.D. Thesis, M.I.T. Nucl. Eng. Dept., February 1967
(Thesis Supervisors: I. Kaplan and T. J. Thompson
Sefchovich, Elias
The Measurement of Reactor Parameters in Slightly Enriched
Uranium, Heavy Water Moderated Miniature Lattices
Sc.D. Thesis, M.I.T. Nucl. Eng. Dept., October 1966
(Thesis Supervisors: I. Kaplan and T. J. Thompson)
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Simms, Richard
Analytical and Experimental Investigations of the Behavior of
Thermal Neutrons in Lattices of Uranium Metal Rods in Heavy
Water
Ph.D. Thesis, M.I.T. Nucl. Eng. Dept., October 1963
(Thesis Supervisors: I. Kaplan and T. J. Thompson)
Weitzberg, Abraham 238
Measurements of Neutron Capture in U in Lattices of Uranium
Rods in Heavy Water
Ph.D. Thesis, M.I.T. Nucl. Eng. Dept., January 1962
(Thesis Supervisors: I. Kaplan and T. J. Thompson)
Wolberg, John R.
A Study of the Fast Fission Effect in Lattices of Uranium Rods in
Heavy Water
Ph.D. Thesis, M.I.T. Nucl. Eng. Dept., February 1962
(Thesis Supervisors: I. Kaplan and T. J. Thompson)
Woodruff, Gene L.
A Study of the Spatial Distributions of Fast Neutrons in Lattices of
Slightly Enriched Uranium Rods Moderated by Heavy Water
Ph.D. Thesis, M.I.T. Nucl. Eng. Dept., November 1965
(Thesis Supervisors: I. Kaplan and T. J. Thompson)
2. S.M. THESES ON MITR HEAVY WATER LATTICE PROJECT
Bliss, Henry E.
Measurements of the Fast Effect in Heavy Water, Partially
Enriched Uranium Lattices
S.M. Thesis, M.I.T. Nucl. Dept., May 1964
(Thesis Supervisor: D. D. Lanning)
Bowles, Kenneth D.
Investigation of the Void Effect in a Heavy Water Moderated,
Organic-Cooled Assembly by the Pulsed Neutron Source Technique
S.M. Thesis, M.I.T. Nucl. Eng. Dept., September 1966
(Thesis Supervisors: T. J. Thompson and M. J. Driscoll)
Chase, Emory J.
Design, Construction and Test of a Unit Cell Simulator for the
Measurement of Lattice Parameters
S.M. Thesis, M.I.T. Nucl. Eng. Dept., January 1967
(Thesis Supervisor: M. J. Driscoll)
Donovan, Robert E.
Determination of the Heterogeneous Parameters 1, A and r by
Measurements on a Single Fuel Element
S.M. Thesis, M.I.T. Nucl. Eng. Dept. (to be issued)
(Thesis Supervisor: M. J. Driscoll)
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Frech, David F.
Use of Lutetium Foil Activation for Determination of Effective
Neutron Temperatures for Slightly Enriched Uranium Oxide
Fuel Rods Moderated by Heavy Water
S.M. Thesis, M.I.T. Nucl. Eng. Dept., August 1967
(Thesis Supervisor: M. J. Driscoll)
Gobel, David M.
Return Coefficient Measurements for the M.I.T. Enriched
Uranium-D20 Lattice
S.M. Thesis, M.I.T. Nucl. Eng. Dept., May 1965
(Thesis Supervisor: D. D. Lanning)
Harrington, Joseph
Measurement of the Material Buckling of a Lattice of Slightly
Enriched Uranium Rods in Heavy Water
S.M. Thesis, M.I.T. Nucl. Eng. Dept., July 1963
(Thesis Supervisor: T. J. Thompson)
Harper, Thomas L.
Analysis of Lattice Fuel Using Ge(Li) Gamma-Ray Spectrometry
S.M. Thesis, M.I.T. Nucl. Eng. Dept., August 1966
(Thesis Supervisors: N. C. Rasmussen and M. J. Driscoll)
Hauck, Frederick H.
Investigation of Noise Analysis Techniques for the M.I.T. Heavy
Water Lattice
S.M. Thesis, M.I.T. Nucl. Eng. Dept., August 1966
(Thesis Supervisors: F. M. Clikeman and M. J. Driscoll)
Hellman, Sanford P.
Measurements of 628 and P28 in a 2.5-Inch Triangular Lattice of
0.75-Inch Metallic Uranium Rods (0.947 Wt% U-235) in a Heavy
Water Moderator
S.M. Thesis, M.I.T. Nucl. Eng. Dept., September 1965
(Thesis Supervisor: T. J. Thompson)
Higgins, Michael J.
Determination of Reactor Lattice Parameters Using Experimentally
Measured Kernels
S.M. Thesis, M.I.T. Nucl. Eng. Dept. (to be issued)
(Thesis Supervisor: M. J. Driscoll)
Hlista, Richard J.
D20 Analyzer Development
S.M. Thesis, M.I.T. Nucl. Eng. Dept. (to be issued)
(Thesis Supervisor: M. J. Driscoll)
Johnson, Malvin G.
A Radiation Detector for Noise Analysis on the MITR Subcritical
Assembly
S.M. Thesis, M.I.T. Electrical Eng. Dept., September 1966
(Thesis Supervisor: F. M. Clikeman)
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Kielkiewicz, Marian S.
A Study of the Fast Fission Effect for Single Natural Uranium Rod
S.M. Thesis, M.I.T. Nucl. Eng. Dept., September 1962
(Thesis Supervisor: T. J. Thompson)
Kim, Hichull
Measurements of the Material Buckling of Lattice of Enriched
Uranium Rods in Heavy Water
S.M. Thesis, M.I.T. Nucl. Eng. Dept., June 1963
(Thesis Supervisor: T. J. Thompson)
Massin, Herbert L.
Determination of the Efficiency for a Cerenkov Detector in the
MITR Subcritical Lattice Facility
S.M. Thesis, M.I.T. Nucl. Eng. Dept., August 1967
(Thesis Supervisor: M. J. Driscoll)
Papay, Lawrence T.
Fast Neutron Fission Effect for Single Slightly Enriched Uranium
Rods in Air and Heavy Water
S.M. Thesis, M.I.T. Nucl. Eng. Dept., June 1965
(Thesis Supervisor: D. D. Lanning)
Price, Lee N.
A Systematic Study of Foil Correction Factors in the Measurement
of 628, 625, P28 and C* in Slightly Enriched, D2 0-Moderated
Lattices
S.M. Thesis, M.I.T. Nucl. Eng. Dept., August 1966
(Thesis Supervisor: M. J. Driscoll)
Quinteiro Blanco, Manuel
Design and Construction of an Automatic Neutron Flux Scanner for
the M.I.T. Heavy Water Lattice Facility
S.M. Thesis, M.I.T. Nucl. Eng. Dept., February 1962
(Thesis Supervisor: T. J. Thompson)
Ricketts, Robert L.
Development of Equipment Design, Experimental Procedures and
Materials for Studying Lattices of U0 2 Fuel Rods in the M.I.T.
Exponential Facility
S.M. Thesis, M.I.T. Nucl. Eng. Dept., August 1966
(Thesis Supervisor: M. J. Driscoll)
Robertson, Cloin G.
Measurements of Neutron Utilization for Lattices of Slightly
Enriched Uranium Rods
S.M. Thesis, M.I.T. Nucl. Eng. Dept., June 1965
(Thesis Supervisor: D. D. Lanning)
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Seth, Shivaji S.
Measurement of the Integral Parameters 628, P28, 625 and C in
Single Rods and Lattices of Slightly Enriched Uranium in Heavy
Water Moderator
S.M. Thesis, M.I.T. Nucl. Eng. Dept., June 1967
(Thesis Supervisor: M. J. Driscoll)
Sonstelie, Richard R.
Development of a New Method for Measurement of 628 Using
Ge(Li) Gamma Spectrometry
S.M. Thesis, M.I.T. Nucl. Eng. Dept. (to be issued)
(Thesis Supervisors: N. C. Rasmussen and M. J. Driscoll)
Wight, Alan L.
Measurement of Lattice Parameters Using a Unit Cell Simulator
S.M. Thesis, M.I.T. Nucl. Eng. Dept., August 1967
(Thesis Supervisor: M. J. Driscoll)
3. LATTICE PROJECT PUBLICATIONS
3.1 Prior to September 30, 1966
J. T. Madell, T. J. Thompson, A. E. Profio, and I. Kaplan
Flux Distribution in the Hohlraum Assembly
Trans. Am. Nucl. Soc. 3, 420 (December 1960)
A. Weitzberg and T. J. Thompson
Coincidence Technique for U-238 Activation Measurements
Trans. Am. Nucl. Soc. 3, 456 (December 1960)
T. J. Thompson, I. Kaplan, and A. E. Profio
Heavy Water Lattice Project Annual Report
NYO-9658, September 30, 1961
A. Weitzberg, I. Kaplan, and T. J. Thompson
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